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PREFACE

TheUniversityof TexasatSanAntonio(UTSA)is a relatively new university. It
was established in 1969 and opened for classes in 1973. As the only comprehensive public
university serving the nation's ninth largest city, it was and is vital to San Antonio and the
entire South Texas Region. In 1982, just eight years ago, an undergraduate engineering
program was established at UTSA with the support of the community and its leaders.
Today, all three undergraduate engineering programs are ABET accredited and serve about
800 students, a significant percentage of whom are Hispanic. The future includes a new
engineering building, containing laboratory facilities and equipment, planned to open in
]'anuary, 1991. Furthermore, a graduate program has just been put in place at the M.S.
level and one is planned at the Ph.D. level. The first Master's Degree students enrolled in
Fall, 1989.

Naturally, the engineering research environment is just developing at UTSA. Now,
thanks in great measure to the UT System support and this ongoing NASA grant, good
progress is being made. Specifically, the purchase of a UT System Cray-X-MP in March,
1986 and a second one in December, 1988 has provided a world-class analytical and
numerical research environment not ordinarily available to a new university. As a result the
UTSA Supercomputer Network Research Facility (SNRF) was developed by the principal
investigator, Dr. Lola Boyce. This has allowed the successful completion of this research
project, an early one of its kind at UTSA.

This NASA research grant has allowed three Mechanical Engineering students,
Thomas Lovelace, Callie (Scheidt) Bast and Eddie Aponte, to work directly with the
principal investigator, Dr. Boyce, providing them with a quality research experience they
would otherwise probably not have had. All students have expressed an interest in
continuing their education at the graduate level.

In conclusion, and in view of the significant accomplishments in fundamental
research, enhancement of the engineering research environment at UTSA, and direct
support of Mechanical Engineering students, it is hoped that the proposed extension of this
grant will receive favorable consideration at NASA. The principal investigator sincerely
thanks NASA for funding this second year grant.
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ABSTRACT

This report presents the results of a second year cffor_ of a research program
conducted for NASA-LcRC by The University of Texas at San Antonio 0JTSA). The
rcscarch included devclopment of methodology that provides probabilistic lifetime strength
of aerospace materials via computational simulation. A probabilistic phenomcnological
constitutiverelationship,intheform of arandomized multifactorinteractionequation,is

postulatedforsn'cngthdegradationof structuralcomponents ofaerospacepropulsion
systemssubjectedto a number ofeffectsorprimitivevariables.Thcsc prirnidve variables

oftenoriginateintheenvironment and may includestressfrom loading,tempexaturc,
chemical orradiationattack.Time may alsointeractwith them,producingcreepand

fatiguc.Inmost cases,strengthisre,duced asa resultThis mul_factorinteraction

constitutivcequationisincludedinthecomputer program, PROMISS. Also includedinthe
researchisthedevelopment of methodology tocalibratetheabovc-describcdconstitutive

equationusingactualexperimentalmaterialsdam togetherwith amultiplelinearregression

of thatdata,therebypredictingvaluesfortheempiricalmaterialconstantsforeach effector

primitivcvariable.Thismethodology isincludedinthecomputer program, PROMISC.
Actualexperimentalmaterialsdatawere obtainedfrom theopen literaturefora number of

nickcl-bascsupcraUoysand afew rnctal-mau_ixmaterials,materialstypicallyof intcrcstfor
aerospacepropulsionsystem components.
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1.0 INTRODUCTION

Thisreportpresentstheresultsof a second yeareffortofa researchprogram
entitled"Development ofAdvanced Methodologies forProbabilisticConstitutive

Relationshipsof MaterialStrengthModels, Phase 2." This researchissponsoredby the

NationalAeronauticsand Space Administration-LewisResearch Center(NASA-LcRC).

The principalinvestigatorisDr. Lola Boyce, AssociateProfessorof Mechanical
Engineering,The UniversityofTexas atSan Antonio (UTSA). The objectiveof the

researchprogram isthedevelopment ofmethodology thatprovidesprobabilisticlifetime

strengthof aerospacematerialsviacomputationalsimulation.

As partofthissecond yeareffort,aprobabilisticphenomenological constitutive

relationship,intheform ofa randomized multifactorinteractionequation,ispostulatedfor
strengthdegradationof structuralcomponents ofaerospacepropulsionsystems subjectedto

a number of effectsor primitivevariables.These primitivevariablesoftenoriginateinthe
environment and may includestressfrom loading,temperature,chemical or radiation

attack.Time may alsointeractwith them, producingcreepand fatigue.In most cases,

strengthisreduced asa result.Also includedintheresearchisthedevelopment of
methodology tocalibratethemultifactorinteractionconstitutiveequationusingactual

experimentalmaterialsdatatogetherwitha multipleregressionof thatdata,thereby

predictingvaluesfortheempiricalmaterialconstantsforeach effectorprimitivevariable.
Section2.0 summarizes thetheoreticalbackground fortheresearch.

The above-described randomized multifactor interaction constitutive equation is

included in the computer program, PROMISS. Calibration of the equation by multiple
linear regression of the data is included in the computer program, PROMISC*. These
programs were developed using the UTSA Supercomputer Network Research Facility
(SNRF) Cray X-MP, completely compatible with the NASA LeRC Cray X-MP. Thus,
these new versions of the programs will execute on the current NASA-LeRC
supercomputer facilities. The latest versions (Ver. 2.0) of these programs are obtainable
from the principal investigator at the address given on the cover page of this report. To
verify program performance, several sample problems for each program accompany this
report (see APPENDIX 1, Section 6.0 and APPENDIX 2, Section 6.0 and the enclosed
floppy disks). IMSL Ver. 10 [1] subroutines are utilized.

Sections 3.0 through 8.0 address specific tasks described in the proposal for this
research [2]. Specifically, Section 3.0 presents and discusses cases for analysis that
resulted from a sensitivity study, utilizing the PROMISS "fixed" capability. The cases
show the effect on probabilistic lifetime strength for each of several effects or primitive
variables (quasi-static stress, mechanical fatigue, thermal fatigue and creep) at both high
and low temperature conditions. Section 4.0 describes and references the complete
computer documentation for both PROMISS and PROMISC, contained in this report as
User Manuals (see APPENDIX 1 and APPENDIX 2). Section 5.0 describes and
discusses the increased capability of PROMISS, Ver. 2.0, over the original version,Ver.
1.0, written at NASA-LeRC during the Summer of 1988. Section 6.0 describes and
discusses the increased capability of PROMISC, Ver. 2.0, over the original version,Vet.
1.0, written at NASA-LeRC during the Summer of 1988. Section 7.0 describes and
discusses the materials data collected from the open literature to be used in developing data
for the PROMISS Resident Database. Section 8.0 discusses the precautions necessary to

*PROMISC was written and referenced as "RAMS" during the Summer of 1988 and in the proposal for this
_h.



combine PROMISS and PROMISC and thefutureresearchneeded toconsidersuch a
combined code.

A paper was produced documenting much of theeffortofthissecond yearresearch

program. Thispaper isentitled"ProbabilisdcConstitutiveRelationshipsforMaterial
StrengthDegradation Models", by L. Boyce and C. C. Chamis. Itwas presentedatthe

30thStructures,Sn'ucturalDynamics and MaterialsConference,Mobile,AL, April,1989

and is published in the Proceedings. It has also been submitted to the AIAA J_a'nal of
Propulsion and Power.



2.0 THEORETICAL BACKGROUND:

PROBABILISTIC PHENOMENOLOGICAL CONSTHUTIVE RELATIONSHIP FOR
LIFETIME STRENGTH OF MATERIALS

Recently, a general phenomenological constitutive relationship, for composite
materials subjected to a number of diverse effects or primitive variables, has been
postulated to predict mechanical and thermal material prope_es [3, 4, 5, 6]. The resulting
multi.factor interaction constitutive equations summarize composite micromeehanics theory
and have been used to predict material properties for a urtidirectional fiber-reinforced
lamina, based on the corresponding properties of the constituent materials.

These equations have been modified to predict the mechanical property of strength
for one constituent material due to "n" diverse effects or primitive variables. These effects
could include both time-independent and time-integrated primitive variables, such as
mechanical stresses subjected to both smile and impact loads, thermal stresses due to
temperature variations and thermal shock, and other effects such as chemical reaction or
radiation attack. They might also include other ilme-dependent primitive variables such as
creep, mechanical fatigue, thermal aging, thermal fatigue, or even effects such as seasonal
attack (see APPENDIX A, Primitive Variables, Symbols, and Units). For most of these
primitive variables, strength has been observed to decrease with an increase in the variable.

The postulated constitutive equation accounts for the degradation of strength due to
these primitive variables. The general form of the equation is

s Lt[ O)

where Ai, AiF and Aio are the current, ultimate and reference values of a particular effect,

ai is the value of an empirical constant for the ith effect or primitive variable, n is the

number of product terms of primitive variables in the model, and S and SO are the current
and reference values of material strength. Each term has the property that if the current
value equals the ultimate value, the current strength will be zero. Also, if the current value
equals the reference value, the term equals one and strength is not affected by that variable.

This deterministic constitutive model may be calibrated by an appropriately curve-fitted
least squares multiple linear regression of experimental data [7], perhaps supplemented by
expert opinion. Ideally, experimental data giving the relationship between effects and
strength is obtained. For example, data for just one effect could be plotted on log-log
paper. A good fit for the data is then obtained by a linear regression analysis. This is
illustrated schematically in Figure 1. The postulated constitutive equation, for a single

effect, is then obtained by noting the linear relation between log S and log [AF:- AO],
LAF-AJ
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as follows:
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log S - log S O = - • log [=-_-'-A [
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,o, j

•
(2)

Note that the above equation (2) is for a primitive variable that lowers strength. If a
variable raises strength, the exponent is negative.

This general constitutive model may be used to estimate the strength of an aerospace

propulsion system component under the influence of a number of diverse effects or
primitive variables. The probabilistic treatment of this equation includes randomizing the
deterministic multifactor interaction constitutive equation, performing probabilistic analysis

by simulation and generating probability density function (p.d.f.) estimates for strength
using a non-parametric method, maximum penalized likelihood [8,9]. Integration yields
the cumulative distribution function (c.d.f.) from which probability statements regarding

strength may be made. This probabilistic constitutive model predicts the random strength
of an aerospace propulsion component due to a number of diverse random effects.

This probabilistic constitutive model is embodied in two FORTRAN programs,
PROMISS (Probabilistic Material Strength Simulator) and PROMISC fl:h'obabilistic
Material Strength Calibrator); see Final Technical Report, APPENDIX 2. PROMISS
calculates the random strength of an aerospace propulsion component due to as many as

eighteen diverse random effects. Results are presented in the form of probability density
functions and cumulative distribution functions of normalized strength, S/So. PROMISC

calculates the values of the empirical material constants, ai.

PROMISS includes a relatively simple "fixed" model as well as a "flexible" model.
The fixed model postulates a probabilistic constitutive equation that considers the primitive
variables given in Table 1. The general form of this constitutive equation is given in

equation (1), wherein there are now n - 7 product terms, one for each effect or primitive
variable listed above. Note that since this model has seven primitive variables, each

containing four values of the variable, it has a total of twenty-eight variables. The flexible
model postulates a probabilistic constitutive equation that considers up to as many as n -- 18
product terms for primitive variables. These variables may be selected to utilize the theory
and experimental data currently available for the specific strength degradation mechanisms
of interest. The specific effects included in the flexible model are listed in Table 2. Note
that in order to provide for future expansion and customization of the flexible model, six
"other" effects have been provided.



Table I Primiuve variablesavailableinthefixedmodel

ithPrimitive Primitive

Variable VariableType

I Stressdue tostaticload

2 Tempcratme
3 Chemical reaction

4 Stressdue to impact
5 Mechanical fatigue
6 Thermal fatigue
7 Creep

Table 2 Primitive variables available in the flexible model

A. Environmental Effects

° Mechanical
a. Stress

b. Impact
c. Other Mechanical Effect

. Thermal

a. Temperature Variation
b. Thermal Shock
c. Other Thermal Effect

. Other Environmental Effects
a. Chemical Reaction
b. Radiation Attack
c. Other Environmental Effect

B. Time-Dependent Effects

lo Mechanical

a. Creep
b. Mechanical Fatigue
c. Other Mech. Time-Dep. Effect

. Thermal

a. Thermal Aging
b. Thermal Fatigue
c. Other Thermal Time-Dep. Effect

3. Other Time-Dependent Effects
a. Corrosion
b. Seasonal Attack

c. Other Time-Dep. Effect



Theconsiderablescatterof experimentaldataandthelackof anexactdescriptionof
theunderlyingphysicalprocessesfor thecombinedmechanismsof fatigue,creep,
temperaturevariations,andsoon,makeit natural,if notnecessaryto considerprobabilistic
modelsfor astrengthdegradationmodel. Therefore,thefixedandflexiblemodels
correspondingto equation(1)are"randomized",andyieldthe"randomnormalizedmaterial
strengthdueto anumberof diverserandomeffects or primitive variables." Note that for
the fixed model, equation (1) has the following form:

S/SO -- f(A1F, AI, A10, A2F, A2, A20,...,A7F, AT, ATO) (3)

where Ai, AiF and Aio are the ultimate, current and reference values of the ith of seven

effects or primitive variables as given in Table 1. In general, this expression can be written
as,

S/SO = f(Xi), i = 1 ..... 28, (4)

where the Xi ale the twenty eight independent variables in equation (3). Thus, the fixed
model is "randomized" by assuming all the independent variables, Xi, i = 1..... 28, to be
random and stochastically independent. For the flexible model, equation (1) has a form
analogous to equations (3) and (4), except that there are as many as seventy-two
independent variables. Applying probabilistic analysis to either of these randomized
equations yields the distribution of the dependent random variable, normalized material
strength, S/So.

Although a number of methods of probabilistic analysis are available, [8] simulation
was chosen for PROMISS. Simulation utilizes a theoretical sample generated by numerical
techniques for each of the independent random variables. One value from each sample is
substituted into the functional relationship, equation (3), and one realization of normalized
strength, S/So, is calculated. This calculation is repeated for each value in the set of
samples, yielding a distribution of different values for normalized strength.

A probability distribution function is generated from these different values of
normalized strength, using a non-parametric method, maximum penalized likelihood.
Maximum penalized likelihood generates the p.d.f, estimate using the method of maximum
likelihood together with a penalty function to smooth it [9]. Finally, integration of the
generated p.d.f, results in the cumulative distribution function, from which probabilities of
normalized strength can be directly observed.

PROMISS includes computational algorithms for both the fixed and the flexible
probabilistic constitutive models. As described above, PROMISS randomizes the
following equation:

II

So -i_Ik A_-A_J '
(5)
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where

L

is the ith effect, Ai, AiF and Aio are random variables, ai is the im empirical material
constant and S/So is normalized strength. There are a maximum of eighteen possible
effects or primitive variables that may be included in the model. For the flexible model
option, they may be chosen by the user from those in Table 2. For the fixed model option,
the primitive variables of Table 1 are chosen. Within each primitive variable term the
current, ultimate and reference values and the empirical material constant may be modeled
as either deterministic (empirical, calculated by PROMISC), normal, lognormal, or Wiebull
random variables. Simulation is used to generate a set of realizations for normalized
random strength, S/So, from a set of realizations for primitive variables and empirical
material constants. Maximum penalized likelihood is used to generate an estimate for the
p.d.f, of normalized strength, from a set of realizations of normalized strength. Integration
of the p.d.f, yields the ¢.d.f. Plot files are produced to plot both the p.d.f, and the c.d.f.
PROMISS also provides information on S/So statistics (mean, variance, standard deviation
and coefficient of variation). A resident database, for database rather than user input of

empirical material constants, is also provided.

PROMISC (see Final Technical Report, APPENDIX 2) performs a multiple linear
regression on actual experimental or simulated experimental data for as many as eighteen
effects or primitive variables, yielding regression coefficients that are the empirical material
constants, ai, required by PROMISS. It produces the multiple linear regression of the log
transformation of equation (3), the PROMISS equation. When wansformed it becomes

a_log
So _ LAir - AioJ

(6)

or

18

,ogs:,og
i-I LAIF - AioJ

where

&

is the ith effect, Ai, AiF and Aio are primitive variable data and ai is the ith empirical

material constant, or the i th regression coefficient to be predicted by PROMISC. Also,
log SO is the log transformed reference value of strength, or the intercept regression

coefficient to be predicted by PROMISC, and log S is the log transformed strength.



Experimentaldatafor up to eighteenpossibleeffects,asgivenin Table2, maybeincluded.
The primitivevariabledatamay be eitheractualexperimentaldataorexpertopinion,directly
readfrom input,or simulateddatawhere expertopinionisspecifiedas themean and

standarddeviationof a normal or lognormaldistribution.The simulateddataoptionfor

inputdatawas used intheearlystagesofcode development tovcrif-ycorrectperformance.
The inputdata,whether actualor simulated,isreadinand assembled intoa datamatrix.

From thisdatamatrix,a correctedsums of squaresand crossproductsmatrixiscomputed.
From thissums of squaresand crossproductsmatrix,and a leastsquaresmethodology, a

multiplelinearregressionisperformed tocalculateestimatesfortheempiricalmaterial

constant,ai,and thereferencestrength,SO. These arctheregressioncoefficients.

PROMISC includes enhancements of the multiple linear regression analysis to
screen data from "outliers" and collinearities, determine "how well" the data fit the

regression, quantify the importance and relative importance of each factor in the postulated
constitutive equation, eq. (1), as well as check assumptions inherent in the use of multiple
linear regression. Further details arc prodded in the Final Technical Report, Section 6.0,
NASA Grant No. NAG 3-867, Supp. 2, "Probabflistic Lifetime Strength of Aerospace
Materials via Computational Simulation."

9



3.0 CASES FOR ANALYSIS BY PROMISS

This section presents cases for analysis that show the effect on probabilistic life,me
strength for each of several effects or primitive variables (quasi-static stress, mechanical
fatigue, thermal fatigue and creep) at both high and low temperature conditions. The
resulting sensitivity study utilized the PROMISS code "fixed" capability. A base line room
temperature problem was established utilizing values derived from expert opinion and
material properties typical of a cast nickel-base supcral]oy. The input for this problem is
given in Table 3 and is similar to that used for the PROMISS example problem reported
earlier [I0]. For this room temperaun, e problem, quasi-static stress was varied about 5%
above and below the 90 ksi base line value. The results of PROMISS in the form of a

c.d.f, is given in Figure 2. Then the base line value of 90 ksi for quasi-static stress was re-
established, while mechanical fatigue, thermal fatigue and creep were each varied 5%, 5%
and 90%,respectively about their base line values. The PROMISS output, again in the
form of c.d.f, plots, for these results together with Figure 2 is given in Section 12.0,
APPENDIX 3 as Figures A.1 to A.4. A second base line problem was established that
was identical to the first, except that temperature was set to about 57% of Tin. For this
high temperature problem, quasi-static stress was again varied about 5% above and below
the 90 ksi base line value. The results of this PROMISS case are given in Figure 3. Thcn
the base line value of 90 ksi for quasi-static stress was reestablished, while mechanical

fatigue, thermal fatigue and creep were each varied 5%, 5% and 90%, respectively about
their base line values. The PROMISS output for these results together with Figure 3 is also
given in Section 12.0, APPENDIX 3 as Figures A.5 to A.8.

Conclusions drawn from this sensitivity study are summarized below. Raising
temperature from room temperature to 57% Tm significantly decreases lifetime strength
regardless of the primitive variable perturbed. Also, raising strength temperature somewhat
decreases the spread of the three e.d.f, curves regardless of the primitive variable
perturbed. Qualitative observations such as these are appropriate from current PROMISS
example problems, however experimental data from actual interaction experiments must be
used to obtain values for the empirical material constants before specific quantitative
conclusions can be drawn for particular aerospace materials.

10



Table 3 PROMISS "fixed" model base line room tempe_ture problem.

, [

Effect or Variable Units Distribution Mean Standard Deviation

Primitive Variable Symbol , Type (Value) _% of Mean)

Quasi-
Static

Stress

SSF ksi Lognonnal 130.0
oS ksi Lognormal 90.0

oSO ksi Lognonnal -2.9
p N/A Nonnal 0.5

6.5 5.0

4.5 5.0

-0.145 5.0

0.015 3.0

Temperature TF oF Normal 2732.0
T oF Normal 68.0

TO oF N .ormal 68.0

q N/A Normal 0.5

82.0 3.0

2.04 3.0

2.0 3.0

0.015 3.0

Chemical

Reaction
R F N/A Normal 1.0
R N/A Normal 0.02

RO N/A Normal 0.001
r N/A Normal 0.5

0.O03 0.3

0.0006 3.0
0.00003 3.0

0.015 3.0

Impact SDF N/A Normal 1.0

O'D N/A Normal 0.I

O'DO N/A Normal 0.001

s N/A Normal -0.5

0.003 0.3

0.003 3.0

0.00003 3.0

- 0.015 3.0

Mechanical

Fatigue
NMF log of cycle Lognorrnal 7.0
N M log of cycle Lognormal 3.5

NMO log of cycle Lognormal 1.0
t N/A Normal 0.5

0.7 10.0

0.35 10.0

0.1 10.0

0.015 3.0

Therm_

Faugue

NTF log of cycle Lognormal 3.0

NT log of cycle Lognormal 2.3

NTO log of cycle Lognormal 1.0
u N/A Normal 0.5

0.3 I0.0

0.23 I0.0

0.I 10.0

0.015 3.0

Creep tCF hours Lognormal 10,000.0

tC hours Lognormal 100.0
tCO hours Lognormal 0.083
v N/A Normal 0.5

500.0 5.0
3.0 3.0

0.0025 3.0

0.015 3.0

II
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4.0 PROMISS AND PROMISC DOCUMENTATION

Complete documentation for both PROMISS AND PROMISC has been written,
including both theory and user's instructions. This documentation has been appended to
this Final Technical Report as APPENDIX 1 PROMISS USER MANUAL and
APPENDIX 2 PROMISC USER MANUAL. These user manuals have also been issued
under separate cover.

, The manuals provide detailed insm_ctions for input, description of output, and
wor_ed example problems. Example problems arc given for both fixed" and "flexible"
models. The theory portion of the manuals contains a description of the probabiIistic
phenomenological constitutive relations for lifetime strength of materials, [11, 12], the
randomized mul_actor interaction constitutive equation, relevant probabilistic and statistical
theory, a description of all effects or primitive variables available in the code, and a

disc.ussion of all algorithms. Manual appendices give tables listing effect or primitive
variable names together with their symbols, FORTRAN names and units. Other

appendices list sample problem input and output files and IMSL subroutines used by the
codes. The PROMISS manual also gives a sample SAS/GRAPH program for plotting
results. Both manuals also include program notes giving information helpful to the user in
understanding the program.

14



5.0 INCREASED CAPABILITY OF PROMISS

The capability of the initial version of PROMISS was increased beyond the initial
version developed at NASA Lewis during Summer, 1988. This new version is known as
PROMISS, Ver. 2.0 and is fully documented in APPENDIX 1 of this report and under
separate cover. PROMISS, Ver. 2.0 now includes calculation of the mean, variance,
standard deviation and coefficient of variation of normalized strength (or lifetime strength)
and incorporation of the WeibuU as a statistical distribution to describe the uncertainty of
any or all effects or primitive variables. Also a Resident Database was included in
PROMISS for the empirical material constants, ai. Thus, rather than the user selecting

values for these material constants, he/she may elect to have the Resident Database supply a
value. Currently all empirical material constants in the Resident Database are set to 0.5, a
value set by expert opinion. As further materials data become available for specific
aerospace materials, updated values will be ineortxrated into the Database.

15



6.0 INCREASED CAPABILITY OF PROMISC

The capability of the initial version of PROMISC was increased beyond the initial
version developed at NASA I._wis during Summer, 1988. This new version is known as

PROMISC, Ver. 2.0 and is fully documented in Section I0.0, APPENDIX 2 of this report
and under separate cover. PROMISC, Ver. 2.0 now includes enhancements of the multiple
linear regression analysis to _termine "how well" the data fit the regression, to quantify
the importance and relative importance of each effect or primitive variable in the postulated
multifactor interaction equation, to screen data for "ouflicrs" and collinearities, as well as to
check assumptions inherent in the use of multiple linear regression.

Multiple linear regression is a least squares technique for fitting data to a linear
equation. It can be carded out mathematically whether it is appropriate or noL Therefore,
it can be used to test the validity of the model inherent in the multifactor interaction
equation, by calculating "how well" the data fit the multiple linear regression through an
Analysis of Variance (ANOVA) Table.

Through the use of the IMSL [1] subroutine RSTAT, procedures were included in
PROMISC that, not only assess the validity of the model inherent in the multifactor
interaction equation, but also produce diagnostics to check for violations of the
assumptions inherent in the use of multiple linear regression. Subroutine RSTAT supplies
an Analysis of Variance (ANOVA) Table, which quantifies the amount of variation in the
data that can be explained by the multiple linear regression equation. This table is therefore
an effective method for testing the model validity inherent in the multifactor interaction
equation. Subroutine RSTAT also supplies a Sequential Statistics Table, which quantifies
the importance of each factor in the multifactor interaction equation. RSTAT can be
enhanced with the capability to do a stepwise regression on the multifactor interaction
equation. The relative importance of each term is assessed through a p-value which
appears in the Table under the Column headed by "Prob. of Larger F". The closer that
each p-value is to zero then the more predictive capability that associated factor has.

Likewise, data may need to be screened for aberrant observations known as
"outliers", through the IMSL routine RCASE. One of the most effective methods for
outlier detection is Cook's Distance which is given in the subroutine as Cook's D. The
problems associated with coUinearities in the data can be explained through principal
components regression.

The subroutine RSTAT provides an Inference on Coefficient Table, which
embellishes the results of the Sequential Statistics Table with a column headed by "Variance
Inflation Factor". This is a diagnostic procedure for checking for the violation of
assumptions used in multiple linear regression. The Case Analysis Table (from the IMSL
subroutine RCASE) is useful in detecting outliers (Cook's D) and coUinearities in the data.
The residuals and studentized residuals can be used to test the assumption of normality. In
this way, one can test the validity of all the assumptions in the multiple linear regression
equation. A thorough discussion of two examples is given in APPENDIX 2, PROMISC
User Manual, Section 3.0.
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7.0 MATERIALSDATA FOR RESIDENT DATABASE

7.1 Introduction

In order to anchor the empirical material constants, ai, in the multifactor interaction

equation to particular aerospace materials of interest, it is necessary to collect experimental
data. No actual experiments were planned for this project, but instead data were collected
from the open literature. All data obtained from the litcratta'c for this project were plotted
and displayed in Section 13.0, Appendix 4. Data for nickel-base supcralloys were far more
abundant than that for metal matrix materials. Data for INCONEL 718 were also more

abundant than for any other superalloy and were available for three primitive effects,

namely high-temperature tensile*, mechanical fatigue and creep. Thus, certain INCONEL
718 data was selected and plotted in other forms, one of which was the same as that used
by the multifactor interaction equation in PROMISS and PROMISC (see Section.7.4).

7.2 Literature Search

A computerized literature search of nickel-base superalloys and metal matrix
composites was conducted to obtain existing experimental data on various material
properties. Useful data on high-temperature tensile, mechanical fatigue and creep
properties were found in eight of the sources (see Section 7.5 containing the material
bibliography page).

7.3 Materials Data Discussion

Data on high-temperature tensile, mechanical fatigue and creep properties were
obtained for nickel-base superalloys, however, only creep properties were found for metal
matrix composites. Although there is evidence to indicate that fatigue and creep processes
interact to produce a synergistic response [1], no data on combined effects were found. In
addition, several sources provided substantial data on INCONEL 718, a nickel-base
superalloy. Therefore, this superalloy will be discussed separately from the other nickel-
base superalloys. All acquired data were entered into computer input files from which
plots could be made. Plot files were created using SAS/GRAPH software [2"1. Plots from
both nickel-base superalloy and metal matrix composite data are provided in Section 13.0,
Appendix 4.

7.3.1 INCONEL 718

As stated above, high-temperature tensile, mechanical fatigue and creep data were
obtained for the nickel-base superalloy, INCONEL 718. The data resulted from tests done
on various hot and cold worked specimens of INCONEL 718. Tests were conducted on
sheets of INCONEL 718 and hot rolled bars of the superalloy. Some high-temperature
tensile and creep property data resulted from tests performed on notched specimens with a
stress concentration factor, K t, ranging from 2.3 to greater than 20. Plots of tensile,

fatigue and creep data for INCONEL 718 are given in Section 13.2, Appendix 4.

* also referenced as "Temperature" in other parts of tiffs Final Technical Report and in the User Manuals.
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7.3.2 Other Nickel-Base Superalloys

High-temperature tensile data were found for the thirteen nickel-base superalloys
given in Table 4.

Table 4 Nickel-Base Superalloys

NUMBER NICKEL-BASE SUPERAUX)Y

1 ASTROLOY
2 HASTEI.£_Y X
3 IN-102

4 IN-939

5 INCONEL 600
6 INCONEL 601
7 INCONEL X-750
8 MAR-M421
9 MM-006

10 NIMONIC 80A
I 1 NIMONIC I 15
12 PWA 1480 SC
13 RENE 41

Data on fatigue properties were found for only one superalloy, INCONEL 601. As with
the INCONEL 718 specimens, test specimens of the other nickel-base superalloys were
subjected to prior hot and cold work as noted on the plots. These plots are provided in
Section 13.3, Appendix 4.

7.3.3 Metal Matrix Composites

Metal matrix composite data were far more scarce than nickel-base superalloy data.
Only test data on creep pro_es were found. Data on high-temperature tensile or fatigue
properties could not be found for any metal matrix composite. Data on creep behavior were
obtained for Tungsten/Niobium and TungsterdNiobium-1 Percent Zirconium composites.
Two types of Tungsten fibers, 218CS and ST300, were tested as reinforcement material.

Creep behavior plots of the metal matrix composites, as well as the Tungsten fibers, are
provided in Section 13.4, Appendix 4.
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7.4 Data Selected for Presentation in PROMISS and PROMISC Form

7.4.1 High-Temperature Tensile Data

Plots of high-temperature tensile, mechanical fatigue and creep data for the nickel-
base superalloy, INCONEL 718, are prodded in this section. Figure 4 shows the effect of
temperature on the yield strength of the material. As expected, the yield strength of the
material decreases as the temperature increases.

Figure 5 is a plot of the data from Figure 4 that has been normalized with respect to
melting temperann'e and yield strength at room temperature. The data along the x-axis were
normalized by dividing each temperature value by the melting temperature, Tin, of the
super'alloy. The data along the y-axis were normalized by dividing the yield strength values
by the material's yield strength at room temperature. Note in Figure 5, that the strength
begins to drastically decrease at a temperature that is about 50% of the melting temperature.

Figure 6 is a plot of the log of the same data (Fig. 4) with only the x-axis
normalized. The data along the x-axis were normalized with respect to both melting

"temperature, Tin, and a reference temperature (taken as room temperature), To. In order to
calculate the normalized values, the difference between the melting temperature, Tin, and a
reference temperature, To, was computed. This value was then divided by the difference
between the melting temperature and each temperature value, T, from Fig. 4. Finally, the
log of each normalized value was plotted along the x-axis. Thus, the x-axis values were
calculated from

x = log [(Tm" T°)] ,
L (Tin -T) J

For example, the x-location of the second data point was calculated using

• [ (2369 - 75).1 -
x-_ ,og[_2-__ -f_)]- .113,

where 2369 ° F is the melting temperature and 600 ° F is the x-axis value of the 2nd data
point in Fig. 4. The y-axis values were calculated by taking the log of each yield strength
value from Fig. 4. Referring once again to the second data point, the y-location was
calculated using y = log 156 = 2.193, where 156 ksi is the y-axis value of the 2nd data
point in Fig. 4.
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7.4.2 Mechanical Fatigue Data

Figure 7 shows the effect of cycles on fatigue strength for INCONEL 718 given a
set testing temperature. As seen from the figure, the fatigue strength of the material
decreases as the number of cycles increases.

Figure 8 is a plot of the data from Figure 7 that has been normalized along both
axes. The data along the x-axis were normalized by dividing the fatigue cycle values by the
material's fatigue cycle value at minimum fatigue strength. Thus, the x-axis values were
calculated from

FatisaJeCycle.s ]x = Fatigue Cycles at Minimum Strength "

For example, the x-location of the third data point was calculated using

I00000 x 103J

where (I0000 × 103) and (100000 × 103) cycles arc the x-axis values of the 3rd and 4th

data points, respectively, in Fig. 7. Note that the x-axis value of the 4th data point in
Fig. 7 is the above-mentioned material's fatigue cycle value at minimum fatigue strength.
The data along the y-axis were normalized by dividing the material's fatigue strength values
by its fatigue strength value at 0.1% of the fatigue cycle value at minimum fatigue strength.
For example, the y-location of the third data point was calculated using

where 111 and 95 ksi are the y-axis values of the 1st and 3rd data points, respectively, in
Fig. 7. The 111 ksi value (y-axis value of the 1st data point in Fig. 7) is the material's
fatigue strength at 0.1% of the fatigue cycles a.t minimum strength, or in other words, 111

ksi is the material's fatigue strength at 0.1% x (100000 x 103) or (100 x 103) cycles.

Figure 9 is a plot of the log of the same data (Fig. 7) with only the x-axis
normalized. The data along the x-axis were normalized with respect to FCmax and FCmin,

where FCmax is the material's fatigue cycle value at minimum fatigue strength and FCmin

is 0.1% of the fatigue cycle value at minimum fatigue strength. In order to calculate the
normalized values, the difference between FCmax and FCmin was computed. This value
was then divided by the difference between FCmax and each fatigue cycle value, FC, from

Fig. 7. Finally, the log of each normalized value was plotted along the x-axis. Thus, the
x-axis values were calculated from

x = log - FC) J •

For example, the x-location of the third data point was calculated using

  ooooo× o'- oo× o ]
=.0453,

where (100 x 103), (10000 x 103) and (100000 x 103) are the x-axis values of the 1st, 3rd

and 4th data points, respectively, in Fig. 7. The y-axis values were calculated by taking
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the logof each fatigue strength value. Referring once again to the third data point, the y-
location was calculated using y - log 95 - 1.978, where 95 ksi is the y-axis value of the
3rd data point in Fig. 7.2.1.
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7.4.3 Creep Data

Figure 10 shows the effect of time on rupture strength for INCONEL 718 given a
set testing temperature. As seen from the figure, the rupture strength of the material
decreases as the rupture life increases.

Figure 11 is a plot of the data from Figure 10 that has been normalized along both
axes. The data along the x-axis were normalized by dividing the rupture life values by the
material's rupture life value at minimum rupture strength. Thus, the x-axis values were
calculated from

x = 1[Rupun'e Rupture Life ].Life at Minimum Su"engthJ"

For example, the x-location of the sixth data point was calculated using

x =0.394,
L21523.6J

where 8473.0 and 21523.6 hours axe the x-axis values of the 6th and 7th data points,

respectively, in Fig. 10. Note that the x-axis value of the 7th data point in Fig. 7 is the
above-mentioned material's rupture life value at minimum rupture strength. The data along
the y-axis were normalized by dividing the material's rupture strength values by its rupture
strength value at 0.13% of the rupture life at minimum rupture strength. For example, the
y-location of the sixth data point was calculated using

y=[124]=385,158

where 158 and 124 ksi axe the y-axis values of the 1st and 6th data points, respectively, in
Fig. 10. The 158 ksi value (y-axis value of the 1st data point in Fig. 10) is the material's
rupture strength at 0.13% of the rupture life at minimum strength, or in other words, 158

ksi is the material's rupture strength at (0.13% × 21523.6) or 27.8 hours.

Figure 12 is a plot of the log of the same data (Fig. 10) with only the x-axis
normalized. The data along the x-axis were normalized with respect to RLmax and RLmin,

where RLmax is the material's rupture life value at minimum rupture strength and RLmin is
0.13% of the rupture life value at minimum rupture strength. In order to calculate the

normalized values, the difference between RLmax and RLmin was computed. This value
was then divided by the difference between RLmax and each rupture life value, RL, from

Fig. 10. Finally, the log of each normalized value was plotted along the x-axis. Thus, the
x-axis values were calculated from

L (RLmax-RI.,) J.

For example, the x-location of the sixth data point was calculated using

x= log[ (21523.6 - 27.8) ]= .217,
1(21523.6 - 8473.0J

where 27.8, 8473.0 and 21523.6 are the x-axis values of the 1st, 6th and 7th data points,

respectively, in Fig. 10. The y-axis values were calculated by taking the log of each
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rupture strength value. Referring once again to the sixth data point, the y-location was
calculated using y = log 124 = 2.093, where 124 ksi is the y-axis value of the 6th data

point in Fig. 10.
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8.0 USING BOTH PROMISS AND PROMISC CODES

8.1 _troduc_n

The PROMISC code can easily be envisioned as a preprocessor to the PROMISS
code since it provides the material constants, ai, either from expert opinion or from
experimental data. These constants would then be input to the PROMISS code and used to
predict strength. A number of precautions should be exercised by investigators using these
codes in this manner. These precautions are explained in the following section.

8.2 PROMISC - PROMISS Interface

Before using PROMISe-generated material constants as input to PROMISS, the
diagnostics provided in the PROMISC output must be checked for violation of
assumptions. For example, the user needs to verify that the R-squared value and the p-
valueforregressionintheANOVA Table are adequatetojustifythevalidityof the

regressionmodel. Ifthevalueof R-squaredistoo smallthenthemultiplclinearregrcssion

equationused inPROMISC has littleorno predictivecapability.Then, theuserneeds to
gleaninsignificantcffectsor primitivevariablesfrom themulfifactorinteractionequation.

The significanceof an effectcan be determinedfrom thecolumn ofp-valuesinthc
SequentialStatisticsTable. Iftheuserdoes notremove insignificantvariables,thenthe

multifactorinteractionequation,used inPROMISS, would have an extraproductterm duc
toan extraneousregressorvariable.Also,theuserneeds toscrutinizetheCase Analysis

Table fortheprcscnceof outliersby cxamining thecolumn which containsCook's

Distance.Thc presenceof an outliercan inordinatelyinfluencetheregressioncocfficicnts
which aretheexponents inthemultifactorinteractionequation(i.e.,materialconstants,ai).

Iftheseregressioncoefficientschange markedly,thenso willthePROMISS-predictcd

strength.Finally,theusershouldtesttheresidualsfrom theCase AnalysisTable toscc if

theyarenormally distributed.This analysiscan be completed throughtheShapiro-Wilk
test.Iftheresidualsarenot normal,thenatransformationof theregressionvariablcs

(effectsorprimitivevariables)may be indicated.Once theuserhas positivclyanswered the

previousfourcaveats,thenpredictingstrengthusingPROMISS from themultiplelinear
regressionequationinPROMISC isvalid.FurtherdetailsarcavailableinSection I1.0,
APPENDIX 2 (Scctions3.I.1 and 3.2.I,Discussion of Rcsults).
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1.0 INTRODUCTION

This User Manual documents the FORTRAN program PROMISS (Vers. 2.0). The
program determines the random strength of an aerospace propulsion component, due to a
number of diverserandom effects(sccSection2.0,TheoreticalBackground).

IncludedinthisUser Manual arcdetailsrcgan_g thetheoreticalbackground of

PROMISS, inputdatainstructionsand sample problems illustratingtheuse of both

PROMISS and PROMISC. APPENDIX A givesinformationon theprimitivevariables,
theirsymbols, FORTRAN names and both SI and U.S. Customary units.APPENDIX B

includesadiskcontainingtheactualinputand outputfilescorrespondingtothesample

problems. The sourcecode isavailablefi'omthefirstauthorattheaddressgivenon the
cover page of thisreport.APPENDIX C detailstheIMSL, Version I0 [I],subroutines

and functionscalledby PROMISS. APPENDIX D illustmmsSAS/GRAPH [2] programs

thatcan bc used toplotboththeprobabilitydensityfunctions(p.d.f.)and thecumulative
distributionfunctions(c.d.f.).
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2.0 THEORETICAL BACKGROUND

Recently, a general phenomenological constitutive relationship, for composite
materials subjected to a number of diverse effects or primitive variables, has been
postulated to predict mechanical and thermal material properties [3,4,5,6]. The resulting
multifactor interaction constitutive equations summarize _te micmmechanics theory
and have been used to Ia_lict mam'ial pmspe_es for a tmidirectional fiber-reinforced
lamina, based on the corresponding properties of the constituent materials.

These equations have been modified to predict the mechanical property of strength
for one constituent material due to "n" diverse effects or primitive variables. These effects
could include both dme-independcm and time-integrated primitive variables, such as
mechanical sn'esses subjected to both static and impact loads, thermal stresses due to
temperature variations and thermal shock, and other effects such as chemical reaction or
radiation attack. They might also include other dine-dependent primitive variables such as
creep, mechanical fatigue, themaal aging, thermal fatigue, or even effects such as seasonal
attack (see APPENDIX A, Primitive Variables, Symbols, and Units). For most of these
primitive variables, strength has been observed m decrease with an increase in the variable.

The postulated constitutive equation accounts for the degradation of strength due to
these primitive variables. The general form of the equation is

II.

s n[ %"^il'
r-- rI/^ rgl •o ifzL m" j

o)

where Ai, AiF and Aio are the current, ultimate and reference values of a particular effect,

ai is the value of an empirical constant for the i th effect or primitive variable, n is the
number of product terms of primitive variables in the model, and S and SO are the current
and reference values of material strength. Each term has the property that if the etm'ent
value equals the ultimate value, the current strength will be zero. Also, if the current value
equals the reference value, the term equals one and strength is not affected by that variable.

This deterministic constitutive model may be calibrated by an appropriately curve-fitted
least squares multiple linear regression of experimental data [7], perhaps supplemented by
expert opinion. Ideally, experimental data giving the relationship between effects and
strength is obtained. For example, data for just one effect could be plotted on log-log
paper. A good fit for the data is then obtained by a linear regression analysis. This is
illustrated schematically in Figure 1. The postulated constitutive equation, for a single

effect, is then obtained by noting the linear relation between log S and log [_],
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as follows:

r
Iog S ---a log I'_'_- I+ logSo

log $ - log 80 ** " • log/'_- I

,,,. k,.

•i;- L J
:r'>-"l'

(2)

Note that the above equation (2) is for a primitive variable that lowers strength. If a
variable raises strength, the exponent is negative.

This general constitutive model may be used to estimate the strength of an aerospace
propulsion system component under the influence of a number of diverse effects or
primitive variables. The probabilistic treatment of this equation includes randomizing the
deterministic multifactor interaction constitutive equation, performing probabilisdc analysis
by simulationand generatingprobabilitydensityfunction(p.d.L)estimatesforstrength
usinga non-parametricmethod, maximum penalizedlikelihood[8,9].Integrationyields

thecumulativedistributionfunction(c.d.f.)from which probabilitystatementsregarding

strengthmay be made. This probabilisticconstitutivemodel predictstherandom strength
of an aerospacepropulsioncomponent due toa number of diverserandom effects.

This probabilisticconstitutivemodel isembodied intwo FORTRAN programs,
PROMISS (ProbabilisticMaterialStrengthSimulator)and PROMISC (Probabilistic

MaterialStrength.Calibrator);see FinalTechnicalReport,APPENDIX 2. PROMISS

calculatestherandom strengthofan aerospacepropulsioncomponent .duetoas many as

eighteendiverserandom effects.Resultsarepresentedintheform ofprobabilitydensity
functionsand cumulativedistributionfunctionsof normalizedstrength,S/So. PROMISC

calculatesthevaluesof theempiricalmaterialconstants,ai.

PROMISS includesa relativelysimple"fixed"model as wellas a "flexible"model.
The fixed model postulates a probabilistic constitutive equation that considers the primitive
variables given in Table 1. The general form of this constitutive equation is given in
equation (1), wherein there are now n = 7 product terms, one for each effect or primitive
variable listed above. Note that since this model has seven primitive variables, each
containing four values of the variable, it has a total of twenty-eight variables. The flexible
model postulates a probabilistic constitutive equation that considers up to as many as n = 18
product terms for primitive variables. These variables may be selected to utilize the theory
and experimental data currently available for the specific strength degradation mechanisms
of interest. The specific effects included in the flexible model are listed in Table 2. Note
that in order to provide for future expansion and customization of the flexible model, six
"other" effects have been prodded.
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Table1 Primitivevariablesavailablein thefixed model

ith Primitive Primitive

V ble V le
1 Stress due to static load

2 Temperature
3 Chemical reaction

4 Stress due to impact
5 Mechanical fatigue

6 Thermal fatigue
7

Table 2 Primitive variables available in the flexible model

A. Environmental Effects

1. Mechanical
a. Stress

b. Impact
c. Other Mechanical Effect

2. Thermal

a. Temperattue Variation
b. Thermal Shock
c. Other Thermal Effect

3. Other Environmental Effects
a. Chemical Reaction
b. Radiation Attack
c. Other Environmental Effect

B. Time-Dependent Effects

1. Mechanical

a. Creep
b. Mechanical Fatigue
c. Other Mech. Time-Dep. Effect

2. Thermal

a. Thermal Aging
b. Thermal Fatigue
c. Other Thermal Time-Dep. Effect

3. Other Time-Dependent Effects
a. Corrosion
b. Seasonal Attack

c. Other Time-Dep. Effect
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The considerable scatter of experimental dam and the lack of an exact description of
the underlying physical processes for the combined mechanisms of fatigue, creep,
temperature variations, and so on, make it natural, if not necessary to consider probabilistic
models for a su'cngth degradation model. Therefore, the fixed and flexible models
corresponding to equation (I) are "randomized", and yield the "random normalized material
strength due to a number of diverse random effects or primitive variables." Note that for
the fixed model, equation (1) has the following form:

S/So = f(AIF,AI, AIO, A2F, A2, A20,...,A7F,A7, A70) (3)

where Ai,AiF and Aio aretheul6mate,currentand referencevaluesof theithof seven

effectsorprimitivevariablesas giveninTable I. Ingeneral,thisexpressioncan be wrkten
as,

S/So = f(Xi),i = I,....28, (4)

where theXi arc thetwenty eightindgxmdcnt variablesinequation(3).Thus, thefixed

model is"randomiz.e.zr'by assuming alltheindependentvariables,Xi, i= 1.....28, tobc

random and stochasticallyindel_ndent.For theflexiblemodel, equation(I)has a form
analogoustoequations(3)and (4),exceptthattherear_asmany as seventy-two

independentvariables.Applying probabilisficanalysistoeitheroftheserandomized
equationsyieldsthedistributionof thedependentrandom variable,normalizedmaterial

su'cngth,S/So.

Although a number ofmethods of probabilisfi¢analysisarcavailable,[8]simulation

was chosen forPROMISS. Simulationutilizesa theoreticalsample generatedby numerical

techniquesforeach oftheindependentrandom variables.One valuefrom each sample is

substitutedintothefunc6onalrelationship,equation(3),and one realizationofnormalized
sn'cngth,S/So, iscalculated.This calculationisrepeatodforeach valueinthe setof

samples,yieldinga dislributionof differentvaluesfornormalized strength.

A probabilitydisu'ibutionfunctionisgeneratedfrom thesedifferentvaluesof

normalizedsu'cngth,usinga non-parameu'icmethod, maximum penalizedlikelihood.

Maximum penalizedlikelihoodgeneratesthep.d.f,cstimmc usingthe method of maximum
likelihoodtogetherwith apenaltyfunctiontosmooth it[9].Finally,inmgrationofthe

generatedp.d.f,resultsinthecumulativedistributionfunction,from which probabilitiesof

normalize.dstrengthcan be directlyobscrvod.

PROMISS includes computational algorithms for both the fixed and the flcxiblc
probabilisficconstitutivemodels. As describedabove,PROMISS randomizes the
followingequauon:

I

'
So A j.

(5)
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where

Ik

A -A J

is the ith effect, Ai, AiF and Aio are random variables, ai is the i_ empirical material
constant and S/SO is normalized strength. There are a maximum of eighteen possible
effects or primitive variables that may be included in the model For the flexible model
option, they may be chosen by the user from those in Table 2. For the fixed model option,
the primitive variables of Table 1 are chosen. Wkhin each primitive variable term the
current, ultimate and reference values and the empirical material constant may be modeled
as either deterministic (empirical, calculated by PROMISC), normal, lognormal, or WiebuU
random variables. Simulation is used to generate a set of realizations for normalized
random strength, S/SO, from a set of realizations for primitive variables and empirical
material constants. Maximum penalized likelihood is used to generate an estimate for the
p.d.f, of normalized strength, from a set of realizations of normalized strength. Integration
of the p.d.f, yields the c.d.f. Plot files are produced to plot both the p.d.f, and the c.d.f.
PROMISS also provides information on S/So statistics (mean, variance, standard deviation
and coefficient of variation). A resident database, for database rather than user input of
empirical material constants, is also provided.

PROMISC (see Final Technical Report, APPENDIX 2) performs a multiple linear
regression on actual experimental or simulated experimental data for as many as eighteen
effects or primitive variables, yielding regression coefficients that are the empirical material
constants, ai, required by PROMISS. It produces the multiple linear regression of the log
transformation of equation (3), the PROMISS equation. When transformed it becomes

(6)

or

,, loglA,. A,llog S = log So ÷_ ai
i-_ LAIn- AioJ

(7)

where

!1

is the ith effect, Ai, Air and Aio are primitive variable data and ai is the ith empirical

material constant, or the ith regression coefficient to be predicted by PROMISC. Also,
log SO is the log transformed reference value of strength, or the intercept regression

coefficient to be predicted by PROMISC, and log S is the log transformed strength.
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Experimental data for up to eighteen possible effects, as given in Table 2, may be included.
The primitive variable data may be either actual experimental data or expert opinion, directly
read from input, or simulated data where expert opinion is specified as the mean and
standard deviation of a normal or lognormal distribution. The simulated data option for
input data was used in the early stages of code development to verify correct performance.
The input data, whether actual or simulated, is read in and assembled into a data matrix.
From this data mauix, a corrected sums of squares and crosspmducts matrix is computed.
From this sums of squares and crossproducts matrix, and a least squares methodology, a
multiple linear regression is performed to calculate estimates for the empirical material
constant, ai, and the reference suength, SO. These are the regression coefficients.

PROMISC includes enhancements of the multiple linear regression analysis to
screen data from "out[iers" and collinearities, determine "how weil" the data fit the
regression, quantify the importance and relative importance of each factor in the postulated
constitutive equation, eq. (1), as well as check assumptions inherent in the use of multiple
linear regression. Further details are provided in the Final Technical Report, Section 6.0,
NASA Grant No. NAG 3-867, Supp. 2, "Probabilistic Lifetime Strength of Aerospace
Materials via Computational Simulation."
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3.0 SAMPLE PROBLEMS, DATA INPUT, AND DISCUSSION OF RESULTS

Data input for PROMISS is user friendly and easy to enter. Data can be directly
input by the user or the user can select data to be input by the program from its own
resident database. Several examples follow (see also Section 6.0, APPENDIX B).

3.1 PROMISS Input for Hexible Model with No Statistical Distribution (Deterministic)
and No use of the Resident Database

The 1st line of input (format 2E12.4, see item 1, below) determines the random
number generator seed and the data sample size. The 2nd line (format I3, see item 2,
below) determines either a fixed or a flexible model. The 3rd through 8th lines of input
(format I3,2X,I3,2X,I3, see item 3, below) choose the 18 effects for the flexible model.
On the 9th line of input (format I3, see item 4, below), the user chooses ff the data is to be
read from the user input or the database. The 10th line (format I3,2X,I3,2X,I3, 2X,I3,
see item 4b below) determines the nature of the effect or primitive variable (deterministic or
random). The 1 lth through 14th lines (format 10X,D12.4, see items 4b to 22, below)
specify values for the effect or primitive variable. This sequence of five input lines (i.e., 9
to 14) repeats for the other effects selected (see items 5 to 21). A table listing the primitive
variables, their units and symbols is given in Section 5.0, APPENDIX A. Finally, IMSL
subroutine parameters are entered as indicated in items 23 and 24.

1. Line 1 selects the Random Number Generator Seed (ISEED) and Sample Size (NTOT).

EXAMPLE:

12345678901234567890*

1 40

2. Line 2 selects either Fixed or Flexible Model ( MODEL = 0 is flexible, MODEL = 1 is
fixed).

EXAMPLE:

12345678901234567890

3. Lines 3 to 8 select the 18 effects for the Flexible Model where:

EFFMS = 1 is Quasi-static Stress Effect
EFFMS = 0 is No Quasi-static Stress Effect
EFFMI = 1 is Impact Effect
EFFMI = 0 is No Impact Effect

* NOTE: the ruler is to aid the user in formatting and is not a part of the input.
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EFFMO= I is Other Mechanical Effect
EFFMO = 0 is No Other Mechanical Effect

EFFIT = 1 is Temperature Effect
EFFIT = 0 is No Temperature Effect
EFFTS = 1 is Thermal Shock Effect
EFFTS = 0 is No Thermal Shock Effect
EFFTO = 1 is Other Thmmal Effect
EFFTO - 0 is No Other Thermal Effect

EFFOC = 1 is Chemical Effect
EFTOC = 0 is No Chvmical Effvct
EFFOR = 1 is Radiation Effect
EFFOR = 0 is No Radiation Effect
EFFOO = I is Oth_ Effect
EFFOO = 0 is No Other Effect

TEFFMC = I is Creep Effect
FMC = 0 is No Creep Effect
TEFFMF = 1 is Mechanical Fatigue Effect
TEFFMF ffi 0 is No Mechanical Fatigue Effect
TEFFMO = 1 is Other Time-Dependent Mechanical Effect
TEFFMO = 0 is No Other Tin-,e-Dependent Mechanical Effect

TEFFTA = 1 is Thermal Aging Effect
TEFFTA = 0 is No Thermal Aging Effect
Till-t-T1- = 1 is Thermal Fatigue Effect
TEFF'IT = 0 is No Thermal Fatigue Effect
TEFFTO = I is Other Time-Dependent Thermal Effect
TEFFTO = 0 is No Other Time-Dependent Thermal Effect

TEFFOC = 1 is Corrosion Effect
TEFFOC = 0 is No Corrosion Effect
TEFFOS = 1 is Seasonal Attack Effect
TEFFOS = 0 is No Seasonal Attack Effect

TEFFOO = 1 is Other Time-Dependent Effect
TEFFOO = 0 is No Other Time-Dependent Effect.

The effects are read from the input f'tle as follows:

EFFMS, EFFM/, EFFMO
EFFTr, EFFTS, EFFTO
EFFOC, EFFOR, EFFOO
TEFFMC, TEFFMF, TEFFMO
TEFFTA, lm-l--li-, 'IT.FFFO
TEFFOC, TEFFOS, TEFFOO.
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EXAMPLE:

12345678901234567890

i I 1

I 1 1

i I 1

1 1 1

1 1 1

1 1 1

4a. Line 9 selects either User Input or Resident Database for the Exponent for Quasi-static
Stress Effect (DATA = 0 is user input, DATA -- 1 is database).

EXAMPLE:

12345678901234567890

4b. Line 10 specifies the nature of the four variables within the effect by using flags. The
flag names are AFDS, ADS, AODS, and SADS. Setting a flag to 0 indicates a
deterministic or nominal value will be input for the variable. Setting a flag to 1 indicates a
normal distribution. Setting a flag to 2 indicates a lognormal distribution. Setting a flag to
3 indicates a special distribution not yet developed. Setting a flag to 4 indicates a Weibull
distribution. Lines 11 to 14 give the values of the four variables. The Quasi-static Stress
Effect variable names have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0 0 0 0

5.0D+00

3.855D+00

4.0D+00

1.0D+00

5. Lines 15 to 20 input data for the Impact Effect in the same manner as was described for
the Quasi-static Stress Effect (see items 4a and 4b, above). The Impact Effect variable
names have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0
0 0 0 0

5.0D+00

3.855D+00

4.0D+00

1.0D+00
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6. Lines 21 to 26 input data for the Other Mechanical Effect in the same manner as was
described for the Quasi-static Stress Effect. The Other Mechanical Effect variable names
have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0

0 0 0 0
5.0D+00

3.855D+00
4.0D+00

1.0D+00

7. Lines 27 to 32 input data for the Temperature Effect in the same manner as was
described for the Quasi-static Stress Effect. The Temperature Effect variable names have
FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0

0 0 0 0
5.0D+00

3.855D+00
4.0D+00

1.0D+00

8. Lines 33 to 38 input datafor the Thermal Shock Effect in the same manner as was
described for the Quasi-static Stress Effect. The Thermal Shock Effect variable names have

FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0

0 0 0 0

5.0D+00

3.855D+00
4.0D+00

1.0D+00
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9. Lines 39 to 44 input data for the Other Thermal Effect in the same manner as was
described for the Quasi-static Stress Effect. The Other Thmmal Effect variable names have
FORTKAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0

0 0 0 0
5.0D+00

3.855D+00

4.0D+00

1.0D+00

10. Lines 45 to 50 input data for the Chemical Effect in the same manner as was described
for the Quasi-static Stress Effect. The Chmnical Effect variable names have FORTRAN
names given in Section5.0,APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0

0 0 0 0

5.0D+00

3.855D+00

4.0D+00

1.0D+00

11. Lines 51 to 56 input data for the Radiation Effect in the same manner as was described
for the Quasi-static Stress Effect. The Radiation Effect variable names have FORTRAN
names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0

0 0 0 0

5.0D+00

3. 855D+00

4.0D+00
1.0D+00
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12. Lines 57 to 62 input data for the Other Effect in the same manner as was described for
the Quasi-static Stress Effect. The Other Effect variable names have FORTRAN names
given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0

0 0 0 0
5.0D+00

3.855D+00

4.0D+00
1.0D+00

13. Lines 63 to 68 input data for the Creep Effect in the same manner as was described for
the Quasi-static Stress Effect. The Creep Effect variable names have FORTRAN names
given in Section 5.0, APPENDIX A.
EXAMPLE:

123456789012345678901234567890

0

0 o 0 0

5.0D+00

3. 855D+00

4.0D+00
1.0D+00

14. Lines 69 to 74 input data for the Mechanical Fatigue Effect in the same manner as was
describe, d for the Quasi-static Stress Effect. The Mechanical Fatigue Effect variable names
have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0

0 0 o 0

5.0D+00

3.855D+00

4.0D+00
1.0D+00
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15. Lines 75 to 80 input data for the Time-dependent Mechanical Effect in the same
manner as was described for the Quasi-static Stress Effect. The Time-dependent
Mechanical Effect variable names have FORTRAN names given in Section 5.0,
APPENDIX A.

EXAMPLE:

1234567@9012345678901234567890

0

0 0 0 0

5.0D+00
3.855D+00

4.0D+00
1.0D+00

16. Lines 81 to 86 input data for the Thermal Aging Effect in the same manner as was
described for the Quasi-static Stress Effect. The Thermal Aging Effect variable names have
FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789Q123456789O1234567890

0

0 0 0 0

5.0D+00

3.855D+00

4.0D+00

1.0D+00

17. Lines 87 to 92 input data for the Thermal Fatigue Effect in the same manner as was

described for the Quasi-static Stress Effect. The Thermal Fatigue Effect variable names
have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0

0 0 0 0

5.0D+00

3.855D+00

4.0D+00

1.0D+00
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18. Lines 93 to 98 input data for the Other Time-dependent Thermal Effect in the same
manner as was described for the Quasi-static Stress Effect. The Other Time-dependent
Thermal Effect variable names have FORTRAN nantes given in Section 5.0, APPENDIX A.

EXAMPLE:

12345_789012345678901234567890

0
0 0 0 0

5.0D+00

3.855D+00
4.0D+00

1.0D+00

19. Lines 99 to 104 input datafor the Corrosion Effect in the same manner as was
desclibed for the Quasi-static Stress Effect. The C.¢xxDsion Effect variable names have
FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0

0 0 0 0
5.0D+00

3.855D+00
4.0D+00

1.0D+00

20. Lines 105 to 110 input data for the Seasonal Attack Effect in the same manner as was
described for the Quasi-static Stress Effect. The Seasonal Attack Effect variable names
have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0

0 0 0 0

5.0D+00

3.855D+00

4.0D+00

1.0D+00
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21. Lines 111 to 116 input data for the Other Tim¢-dcpenclent Effect in the same manner as
was described for the Quasi-static Stress Effect. The Other Time-dependent Effect variable
names have FORTRAN natms given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890

0
0 0 0 0

5.0D+00
3.855D+00

4.0D+00
1.0D+00

22. The DESPL [I] parameters are NODE, INrr, ALPHA, EPS, and MAxrr and are
entered in that order as follows (line 117):

EXAMPLE:

1234567890123456789012345678901234567890

21 0 1.0E+01 1.0E-05 30

23. The DESPL[I] parameter, IOPT, is entered as follows (line 118):

EXAMPLE:

1234567890
2

3.1.1 Discussion of Results

Execution of PROMISS (source code entitled PROMISS89.FOR ) produces an
output file that gives numerical results (see Section 6.0, APPENDIX B). Execution also
produces plotfiles (see Section 6.0, APPENDIX B). These files are used to plot the X and
Y axes of the probability density function (p.d.f.) and the cumulative distribution function
(c.d.f.) generated by PROMISS. The plots are drawn fxom the plotfiles by the
SAS/GRAPH graphing program (see Section 8.0, APPENDIX D).
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3.2 PROMISS Input for Fixed Model with Various Statistical Distributions and use of
the Resident Database

The 1st line of input (format ZE12.4, see item 1, below) determines the random
number generatorseed and thedatasample size.The 2nd line(formatI3,seeitem 2,
below) determineseithera fixedora flexiblemodeL On the3rd lineofinputtheuser
chooses ff the data is to be read from the user input or the resident database (format I3, see
item 3, below). The 4th line (format I3,2X,I3,2X,I3, 2X,I3, see item 4, below)
determines the nature of the effect or primitive variable (deterministic or random). The 5th
through 8th lines specify values for the effect or primitive variable. This sequence of five
input lines repeats for the other effects (see items 5 through 10, below). If the word
DATABASE is entered in the place of the fourth integer (format I3,2X,I3,2X,13,2X,A8),

the program will read a deterministic value for the exponent from its own Resident
Database. A tablelistingtheprimitivevariables,theirunitsand symbols isgiven in
APPENDIX A. Finally,IMSL subroutineparan_tersareenteredasindicatedinitems 12
and 13.

I. Line 1 selectsRandom Number GeneratorSeed (ISEED) and Sample Size(NTOT).

EXAMPLE:

12345678901234567890*

1 40

2. Line 2 determines fixed or flexible model (MODEL = 0 is flexible, MODEL = 1 is

fixed).

EXAMPLE:

12345678901234567890

3. Line 3 determines User Input or Database for the Exponent for Quasi-Static Stress
Effect (DATA - 0 is user input, DATA = 1 is database).

EXAMPLE:

12345678901234567890

* NOTE: the ruler is to aid the user in formatting and is not a part of the input.
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4. Line 4 specifies the nature of the four variables within the effect by using flags. The flag
names are AFDS, ADS, AODS, and SADS. Setting a flag to 0 indicates a deterministic or
nominal value will be input for the variable. Setting a flag to 1 indicates a normal
distribution. Setting a flag to 2 indicates a lognormal distribution. Setting a flag to 3
indicates a special disu'ibudon not yet developed. Setting a flag to 4 indicates a WeibuI1
distribution. Lines 5 to 7 give the values of the four variables. The Quasi-static Stress
Effect variable names have FORTRAN names given in Section 5.0, APPENDIX A.

1234567890123456789012345678901234567890

4 4 2 DATABASE

130.0D+00 6.500D+00

90.0D+00 4.500D+00

-2.9D+00 -0.145D+00

5. Line 8 determines user input or database for the exponent for Impact Effect. Lines 9 to

13 input data for the Impact effect in the same manner as was described for the Quasi-static
Stress Effect (see items 3 and 4, above). The Impact Effect variable names have
FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

0

4 1 2 4

1.0D+00 0.003D+00

0.10D+00 0.003D+00

0.001D+00 0.00003D+00

-0.5D+00 -0.015D+00

6. Line 14 determines user input or database for the exponent for Temperature Effect.
Lines 15 to 19 input data for the Temperature Effect in the same manner as was described
for the Quasi-static Stress Effect. The Tempemuae Effect variable names have FORTRAN
names given in Section 5.0, APPENDIX A.

EXAMPLE:

1244567890123456789012345678901234567890

0

2 2 1 2

2732.0D+00 82.000D+00

1562.0D+00 46.70D+00

68.0D+00 2.040D+00

0.50D+00 0.015D+00
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7. Line 20 determines user input or database for the exponent for Chemical Reaction
Effect Lines 21 to 25 input data for the Chemical Reaction Effect in the same manner as
was described for the Quasi-static Stress Effect. The Chemical Reaction Effect variable
names have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

0
i 1 1 1

1.0D+00 0.003D+00

0.02D+00 0.0006D+00

0.001D+00 0.00003D+00
0.50D+00 0.015D÷00

8. Line 26 determines user input or databasefor the exponent for Creep Effect. Lines 27
to 30 input dam for the Creep Effect in the same manner as was described for the Quasi-
static Stress Effect. The Creep Effect variable names have FORTRAN names given in
Section 5.0, APPENDIX A. Note that when the DATABASE option is used, the input is
only 5 lines long per effect, rather than 6 lines (compare to item 7, above).

EXAMPLE:

1234567890123456789012345678901234567890

1
2 4 2 DATABASE

10000.0D+00 500.00D+00

105.0D+00 3.15D+00
0.083D+00 0.0025D+00

9. Line 31 determines user input or database for the exponent for Mechanical Fatigue
Effect. Lines 32 to 36 input data for the Mechanical Fatigue Effect in the same manner as
was described for the Quasi-static Stress Effect. The Mechanical Fatigue Effect variable
names have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

0

2 2 2 1

7.0D+00 0.700D+00

3.5D+00 0.350D+00

1.0D+00 0.100D+00
0.50D+00 0.015D+00
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I0. Line 37determinesuserinputordatabasefortheexponent forThermal FatigueEffect.

Lines 38 to 41 input data for the Thermal Fatigue Effect in the same manner as was
described for the Quasi-static Stress Effect. The Thermal Fatigue Effect variable names
have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

1

2 2 2 DATABASE
3.0D+00 0.300D+00

2.3D+00 0.230D+00

1.0D+00 0.100D+00

11. The DESPL[1] parameters are NODE, INIT, ALPHA, EPS, and MAXIT and are
entered in that order as follows (line 42):

EXAMPLE:

1234567890123456789012345678901234501234567890

21 0 1.0E+01 1.0E-05 30

12. The DESPL[1] parameter, 1OFT, is entered as follows (line 43):

EXAMPLE:

1234567890

2

DATABASE INPUT FILE'*

12345678901234567890

0.5D+00

0.5D+00
0.5D+00

3.2.1 Discussion of Results

Execution of PROMISS (source code entitled PROMISS89.FOR ) produces an
output fie that gives numerical results (see Section 6.0, APPENDIX B). Execution also
produces plotfiles (see Section 6.0, APPENDIX B). These files are used to plot the X and
Y axes of the probability density function (p.d.f.) and the cumulative distribution function
(c.d.f.) generated by PROMISS. The plots are drawn from the plotfiles by the
SAS/GRAPH graphing program (see Section 8.0, APPENDIX D). These plots for the
sample problem are shown in Figures 2 and 3.

** PROMISS, Vcrs. 2.0, currently has a value of 0.5 for all emperieal material constants. This is current
expert opinion. These values will be updated as data become available (see Section 6.0).
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3.3 PROMISS Input for Flexible Model with Various Statistical Distributions and Use
of the Resident Database

The 1st line of input (format 2E12.4, see item 1, below) determines the random
number generator seed and the data sample size. The 2nd line (format I3, see item 2,
below) determines either a fixed or a flexible model. The 3rd through 8th lines (format
I3,2X,I3,2X,I3, see item 3, below) choose the 18 effects for the flexible model. The 9th
line (format I3, see item 4, below) the user chooses ff the data is to be read from the user
input or the database. The 10th line (format I3,2X,I3,2X,I3, 2X,I3, see item 4, below)
determines the nature of the effect or primitive variable. If the word DATABASE is entered
in the place of the fourth integer (format I3,2X,I3,2X,I3,2X,AS), the program will read a
deterministic value from its own Resident Database. The 1 lth through 14th lines (format
10X,2D12.4, see item 4, below) specify values for the effect or primitive variable. This
sequence of five input lines repeats for the other effects selected (see items 4 through 21,
below). A table lisling the primitive variables, their units and symbols is given in Section
5.0, APPENDIX A. Finally, IMSL subroutine parameters are entered as indicated in
items 23 and 24.

1. Line 1 selects the Random Number Generator Seed (ISEED) and Sample Size (NTOT).

EXAMPLE:

12345678901234567890"

1 40

2. Line 2 determines fixed or flexible model (MODEL = 0 is flexible, MODEL = 1 is
fixed).

EXAMPLE:

12345678901234567890

0

3. Lines 3 to 8 select the 18 Effects for the Flexible Model where:

EFFMS = 1 is Quasi-static Stress Effect
EFFMS = 0 is No Quasi-static Stress Effect
EFFMI = 1 is Impact Effect
EFFMI = 0 is No Impact Effect
EFFMO = I is Other Mechanical Effect
EFFMO = 0 is No Other Mechanical Effect

EFFTT = 1 is Temperature Effect
EFFTT = 0 is No Temperature Effect
EFFTS = 1 is Thermal Shock Effect
EFFTS = 0 is No Thermal Shock Effect
EF'Fro - 1 is Other Thermal Effect
EFFTO = Ois No Other Thermal Effect

"NOTE: the ruler is to aid the user in formatting and is not a part of the input.
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EFFOC --IisChemical Effect

EFFOC = 0 isNo Chemical Effect
EFFOR = IisRadiationEffect

EFFOR --0 isNo RadiationEffect

EFFOO --IisOther Effect

EFFOO -- 0 is No Other Effect

TEFFMC = 1 is Crop Effect
TEFFMC = 0 is No Creep Effect
TEFFMF = 1 is Mechanical Fatigue Effect
TEFFMF = 0 is No Mechanical Fatigue Effect
"rEFFMO = 1 is Oth_- T'tme-Dependent Mechanical Effect
TEFFMO = 0 is No Oth_ Titr¢-Delxmdent Mechanical Effect

TEFFTA = 1 is Thermal Aging Effect
TEFFI'A - 0 is No Thermal Aging Effect
TV_.VI-TI- = 1 is Thermal Fatigue Effect
TEFFTF = 0 is No Thermal Fatigue Effect
TEFFTO = 1 is Other Titm-I_lxmdent Thermal Effect
TEFFTO = 0 is No Other Time-I_pendcnt Thin'real Effect

TEFFOC = 1 is Corrosion Effect
TEFFOC = 0 is No Corrosion Effect
TEFFOS = 1 is Seasonal Attack Effect
TEFFOS = 0 is No Seasonal Attack Effect

TEFFOO = 1 is Other Timc-I_pendent Effect
TEFFOO = 0 is No Other Time-Dependent Effect.

The effects arc ,'cad from the input file as follows:

EFFMS, EFFMI, EFFMO
EFFTL EFFTS, EFFTO
EFFOC, EFFOR, EFFOO
TEFFMC, TEFFMF, TEFFMO
TEFFT A , T I: I_VT I., "I'EFFT O
TEFFOC, TEFFOS, TEFFOO.

EXAMPLE:

12345678901234567890

i 1 1
1 1 1

I I 1

I 1 1
1 1 1

1 1 1
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4. Line 9 selects either User Input or Resident Database for the Exponent for Quasi-static
Stress Effect (DATA = 0 is user input, DATA = 1 is database). Line 10 specifies the
nature of the four variables within the effect by using flags. The flag names are AFDS,
ADS, AODS, and SADS. Setting a flag to 0 indicates a deterministic or nominal value will
be input for the variable. Setting a flag to 1 indicates a normal disuibution. Setting a flag
to 2 indicates a lognormal distribution. Setting a flag to 3 indicates a special distribution
not yet developed. Setting a flag to 4 indicates a Weibull distribution. Lines 11 to 14 give
the values of the four variables. The Quasi-static Stress Effect variables names have

FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

0
2 4 4 1

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00

0.51D+00 0.001D+00

5. Line 15 determines user input or databasefor the exponent for Impact Effect. Lines 16
to 19 input data for the Impact effect in the same manner as was described for the Quasi-
static Stress Effect (see items 3 and 4, above). The Impact Effect variable names have
FORTRAN names given in Section 5.0, APPENDIX A. Note that when the DATABASE
option is used, the input is 5 lines long per effect, rather than 6 lines (compare to item 4
above).

EXAMPLE:

1234567890123456789012345678901234567890

1

4 1 2 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00

6. Line 20 determines user input or database for the exponent for Mechanical Effect. Lines
21 to 24 input data for the Mechanical Effect in the same manner as was described for the
Quasi-static Stress Effect. The Mechanical Effect variable names have FORTRAN names
given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

1

4 4 2 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00
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7. Line 25 determines user input or database for the exponent for Temperature Effect.
Lines 26 to 29 input data for the Temtmtmute Effect in the same manner as was described
for the Quasi-static Stress Effect. The Temperature Effect variable names have FORTRAN
names given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

1

1 1 4 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00

8. Line 30 determines user input or database for the exponent for Thermal Shock Effect.
Lines 31 to 35 input data for the Thermal Shock Effect Effect in the same manner as was
described for the Quasi-static Stress Effect. The Thermal Shock Effect variable names have
FORTRAN names given in Section 5.0, APPENDIX A.

1234567890123456789012345678901234567890

0

4 2 1 2

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00

0.51D+00 0.001D+00

9. Line 36 determines user input or database for the exponent for Other Thermal Effect.
Lines 37 to 40 input data for the Other Thermal Effect in the same manner as was described
for the Quasi-static Stress Effect. The Other Thermal Effect variable names have
FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

1

4 2 1 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00
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10. Line 41 determinesuserinputordatabasefortheexponent forChemical Reaction
Effect. Lines 42 to 45 input data for the Chemical Reaction Effect in the same manner as
was described for the Quasi-static Suess Effect. The Chemical Reaction Effect variable
names have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

1

4 1 4 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00

11. Line 46 determines user input or database for the exponent for Radiation Effect. Lines
47 to 50 input data for the Radiation Effect in the same manner as was described for the
Quasi-static Stress Effect. The Radiation Effect variable names have FORTRAN names
given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789o123456789o123456789o123456789Q

1

4 1 4 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00

12. Line 51 determines user input or database for the exponent for Other Effect. Lines 52
to 55 input data for the Other Effect in the same manner as was described for the Quasi-
static Stress Effect. The Other Effect variable names have FORTRAN names given in
Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

1

1 4 2 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00
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13. Line 56 determines user input or database for the exponent for Cre.p Effect. Lines 57
to 60 input data for the Creep Effect in the same manner as was described for the Quasi-
static Stress Effect. The Creep Effect variable names have FORTRAN names given in
Section 5.0, APPENDIX A. The last line for this Effect is eliminated when the database is
used.

EXAMPLE:

1234567890123456789012345678901234567890

1

1 2 2 DATABASE
5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00

14. Line 61 determines user input or database for the exponent for Mechanical Fatigue
Effect. Lines 62 to 66 input dam for the Mechanical Fatigue Effect in the same manner as
was described for the Quasi-static Stress Effect. The Mechanical Fatigue Effect variable
names have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

0

1 1 2 1

5.0D+00 0.002D+00

3.885D+00 0.005D+00

4.0D+00 0.007D+00
0.51D+00 0.001D+00

15. Line 67 determines user input or database for the exponent for OtherTime-dependent
Mechanical Effect. Lines 68 to 71 input data for the Other Time-dependent Mechanical
Effect in the same manner as was described for the Quasi-static Stress Effect. The Other
Time-dependent Mechanical Effect variable names have FORTRAN names given in Section
5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

1
2 2 2 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00
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16. Line 72 determines user input or database for the exponent for Thermal Aging Effect.
Lines 73 to 76 input data for the Thermal Aging Effect in the same manner as was
described for the Quasi-static Stress Effect. The Thermal Aging Effect variable names have
FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

1

1 1 1 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00

17. Line 77 determines user input or database for the exponent for Thermal Fatigue Effect.
Lines 78 to 81 input data for the Thermal Fatigue Effect in the same manner as was
described for the Quasi-static Stress Effect. The Thermal Fatigue Effect variable names
have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789o123456789o123456789o123456789Q

1

4 4 4 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00

18. Line 82 determines user input or database for the exponent for other Time-dependent

Thermal Effect. Lines 83 to 86 input dam for the Other Time-dependent Thermal Effect in
the same manner as was described for the Quasi-static Stress Effect. The Other Time-
dependent Thermal Effect variable names have FORTRAN names given in Section 5.0,
APPENDIX A. The last line for this Effect is eliminated when the database is used.

EXAMPLE:

1234567890123456789012345678901234567890

1

4 2 2 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00
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19. Line 87 dctern_mes user input or database for the exponent for Corrosion Effect.
Lines 88 to 91 input data for the Corrosion Effect in the same manner as was described for
the Quasi-static Stress Effect. The Corrosion Effect variable names have FORTRAN
names given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

1

1 1 4 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00

20. Line 92 determines user input or database for the exponent for Seasonal Attack Effect.
Lines 93 to 96 input data for the Seasonal Attack Effect in the same manner as was
described for the Quasi-static Stress EffecL The Seasonal Attack Effect variable names
have FORTRAN names given in Secdon 5.0, APPENDIX A.

EXAMPLE:

123456789o123456789o123456789o1234567@9Q

1

2 4 4 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00

21. Line 97 determines user input or database for the exponent for Other Time-dependent
Effect. Lines 98 to 101 input data for the Other Time-dependent Effect in the same manner
as was described for the Quasi-static Stress Effect. The Other Time-dependent Effect
variable names have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789012345678901234567890

1

4 2 4 DATABASE

5.0D+00 0.002D+00

3.855D+00 0.005D+00

4.0D+00 0.007D+00
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22. The DESPL[1] parameters are NODE, INIT, ALPHA, EPS, and MAX1T and are
entered in that order as follows (line 102):

EXAMPLE:

1234567890123456789012345678901234567890

21 0 1.0E+01 i. 00E-05 30

23. The DESPL[1] parameter, IOPT, is entered as foUows (line 103):

EXAMPLE:

2

DATABASE INPUT FK,E

12345678901234567890

0.5D+00

0.5D+00

0.5D+00

0.5D+00
0 5D+00

0 5D+00

0 5D+00
0 5D+00

0 5D+00

0 5D+00
0 5D+00

0.5D+00

0.5D+00

0.5D+00
0.SD+00

0.5D+00

0.5D+00
0.SD+00

3.3.1 Discussion of Results

Execution of PROMISS (source code entitled PROMISS89.FOR ) produces an
output file that gives numerical results (see Section 6.0, APPENDIX B). Execution also
produces plotffles (see Secfon 6.0, APPENDIX B). These files are used to plot the X and
Y axes of the probability density function (p.d.f.) and the cumulative disu'ibution function
(¢.d.f.) generated by PROMISS. The plots are drawn from the plotfiles by the
SAS/GRAPH graphing program (see Section 8.0, APPENDIX D).
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3.4 General PROMISS Program Notes

1. Normalized strength, S/SO, is assured to be non=negative; any negative value
calculated from input is set arbiu'arily to zero.

rAp-Al not included in the model is set to one (1).2. Any effect, LAF- AoJ i '

3. The IMSL, Vers. 10 subroutine DESPL requires that IMSL subroutine D3SPL

be appended to PROMISS for proper operation.

4. Fatigue cycles should be input as log cycles mthea" than cycles. This assures fatigue
affects strength calculations by yielding a fraction significantly below zero. If input
for fatigue was in cycles, the value of the effect approaches one, thereby not affecting

strength calculations.
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5.0 APPENDIX A

PRJMHTVE VARIABLES, SYMBOLS, AND UNITS

Table A1.2 Primitive variables, symbols, and units for PROMISS

Primitive Variables

(Effect)

QUASI-STATIC
STRESS EFFECT

Ultimate value

Current value

Reference value
Material constant

IMPACr EFFECT

Ultimate value

Current value

Reference value

Material constant

QTHER

EFFE S

Ultimate value
Current value

Reference value
Material constant

TEMPERATURE

Theory FORTRAN Units

S_rmbol Name SI
U.S.

SSF AF MPa ksi

oS A MPa ksi

oSO AD MPa ksi

p SA Dimensionless

SDF AF2 Dimensionless

OD A2 Dimensionless

O'DO AO'2 Dimensionless
s SA2 Dimensionless

A3F AF3 Dimensionless
A3 A3 Dimensionless
A30 AO3 Dimensionless
a3 SA3 Dimensionless

Ultimate value TF AF4 °C °F

Current value T A4 °C °F

Reference value TO ACH °C OF
Material constant q SA4 Dimensionless

SHOCK

A5F AF5 Dimensionless

A5 A5 Dimensionless

ASO AO5 Dimensionless

a5 SA5 Dimensionless

Ultimate value
Cmrent value

Reference value

Material constant
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PrimitiveVariables
(Effect)

OTHER

EFFECTS

Ultimate value

Current value
Reference value

Material constant

EFFECTS

Ultimate value

Current value

Reference value
Material constant

RADIATION

Ultimate value

Current value
Reference value

Material constant

OTHER EFFECTS

Ultimate value

Current value

Reference value

Material constant

CREEP

Ultimate value

Cm_nt value

Reference value
Material constant

MECHANICAL
FATIGUE

Ulfiraate value
Current value
Reference value
Material constant

Theory

SF_bol

A_
A6
_O
a6

RF
R

RO
r

ASF

ASO

a8

A9F
A9
A90

a9

tCF
tC

tco
v

NMF
NM
NMO
t

FORTRAN
Name

AF6

A6
AO6

SA6

AF7
A7

AO7

SA7

AF8

A8

AO8
SA8

AF9
A9

AO9

SA9

AFI0

AI0
AOI0

SAI0

AFII
All
AOI 1
SAIl

Units
SI

Dimensionless

Dimensionless

Dimensionless
Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless
Dimensionless

Dimensionless

Dimensionless
Dimensionless

Dimensionless

Hours
Hours

Hours

Dimensionless

log of cycles
log of cycles
log of cycles
Dimensionless

U.S.

Hours
Hours

Hours
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Primitive Variables

(Effect)
I

OTHER TIME

EFFECT

Ultimate value

Current value
Refeaence value

Material constant

THERMAL AGING

Ultimate value

Ctm'ent value

Reference value
Material constant

THERMAL
FATIGUE

Ultimate value

Current value

Reference value
Material constant

DEPENDENT
 RWu L
EFFECTS

Ultimate value
Current value

Reference value

Material constant

 OEKOS20 

Ultimate value

Current value
Reference value

Material constant

Theory

S]_nbol

AI2F

AI2
AI20

a12

A13F

A13
A130

a13

NTF
NT

NTO
U

A15F
A15

A150

a15

A16F

A16
AI60

a16

FORTRAN
Name

AF12
A12

AO12

SA12

AF13

A13

AO13
SA13

AF14

A14

AO14
SA14

AF15

A15
AO15

SA15

AF16

A16

AO16
SA16

Units
SI

Dimensionless
Dimensionless
Dimensionless
Dimensionless

Dimensionless
Dimensionless

Dimensionless

Dimensionless

log of cycles

log of cycles
log of cycles
Dimensionless

Dimensionless

Dimensionless
Dimensionless

Dimensionless

Dimensionless

Dimensionless
Dimensionless

Dimensionless

U.S.
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Primitive Variables

(Effect)
Theory FORTRAN

Name SI
Units

U°S.

A_ACK

Ultimate value
Current value

Rcfcttncc value

Material constant

AITF

A17

AlTO

a17

AF17
A17

AO17

SA17

D_ensionless
_onlcss

_onless

Ultimate value

Ctm_nt value
Reference value
Material constant

AISF

AI8
AlSO

a18

AFI8
A18

AO18
SAI8

Dimensionless
Dimensionless

Dimensionless
Dimensionless

74



6.0 APPENDIX B

PROMISS SAMPLE PROBLEM: INPUT AND OUTPUT FR,ES

Sample problems are discussed in sections 3.1, 3.2, and 3.3. One sample problem
corresponds to each section. The input and output file names for each sample problem are
listed below. The enclosed disk also includes the same files.

3.1 PROMISS INPUT FOR FLEXIBLE MODEL WITH NO STATISTICAL

DISTRIBUTION (DETERMINISTIC) AND NO USE OF THE RESIDENT DATABASE

Input File(s): 31PR.INP
Output File: 31PR.OUT
Plot Files: 3 IPR 1.PLT

31PR2.PLT

3.2 PROMISS INPUT FOR FIXED MODEL WITH VARIOUS STATISTICAL
DISTRIBUTIONS AND USE OF THE RESIDENT DATABASE

Input File(s): 32PRl.INP
32PR2.INP

Output File: 32PR.OUT
Plot Files: 32PR 1.PLT

32PR2.PLT

3.3 PROMISS INPUT FOR FLEXIBLE MODEL WITH VARIOUS STATISTICAL
DISTRIBUTIONS AND USE OF THE RESIDENT DATABASE

Input File(s): 33PRl.INP
33PR2.INP

Output File: 33PR.OUT
Plot Files: 33PR1 .PLT

33PR2.PLT
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7.0 APPENDIX C

IMSL SUBROUTINE CALLS FROM PROMISS

PROMISS

1. RNSET - Initializes a random seed for use in the IMSL

random number generators.

2. RNNOR- Generates pseudorandom numbers from a standard
normal distribution using an inverse CDF
method.

3. RNLNL - Generates pscudorandom numbers from a
lognormal dis_'ibul_on.

4. RNWIB - Generatespscudorandom numbers from a
WcibuU distribution.

5. DESPL Performs nonparamcu'icprobabilitydensity

functionestimationby thepcnaliz_
likelihoodmethod.

6. GCDF Evaluates a general continuous cumulative
distribution function given the ordinates
of the density.

7. Other IMSL Subroutines - SSCAL and SADD
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8.0 APPENDIX D

SAMPLE SAS/GRAPH PROGRAM FOR PROMISS

data a_
INFILE 'RAND1.CPR' FIRSTOBS=2;input x y;
GOPTIONS DEVICE=HI:r/470;

proe gplot;
axisl label=(h=l f----simplex TOG OF CYCLES')

value.=(h=l f-_mplex);
axis2 valu_(h=l f=simplex) hbel=none;
plot y*x / haxis=axis 1 vaxis=axis2;
TITLE H=I A----90 F--SIMPLEX 'PROBABILITY DENSITY FUNCTION';

symbol i---spline v=square;
data B;
INFILE 'RAND2.CPR' FIRSTOBS=2;input x y;
proc gplot;

axisl label=(h=l f=simplex 'LOG OF CYCLES')
valu¢=(h=l f=simplex);

axis2 valu_(h=l f--simplex) label=none;
plot y*x / haxis=axisl vaxis=axis2;
TITLE H=I A-=90 F=SIMPLEX 'CUMULATIVE DISTRIBUTION FUNCTION';

symbol i=spline v=square;
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1.0 INTRODUCTION

This User Manual documents the FORTRAN program PROMISC. The program
performs a multiple linear regression on actual experimental or simulated experimental data
for as many as eighteen effects or primitive variables, yielding regression coefficients that
am the empirical material constants, ai, re(tuimd by PROMISS (see Section 2.0, Theoretical

Background).

Included in this User Manual are details regarding the theoretical background of
both PROMISS and PROMISC, input dam instructions and sample problems illustrating
the use of PROMISC. Appendix A gives information on the primitive variables, their
symbols, FORTRAN names and both SI and U.S. Customary units. Appendix B includes
a disk containing the actual input and output files corresponding to the sample problems.
The source code is available from the author at the address given on the cover page of this
report. Appendix C details the IMSL, Version 10 [1], subroutines and functions called by
PROMISC.
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2.0 THEORETICAL BACKGROUND

Recently, a general phenomenological constitutive relationship for congx)site
materials subjected to a number of diverse effects or primitive variables has been postulated
to predict mechanical and thermal material properties [3,4,5,6]. The resulting multifactor
interaction constitutive _uations summarize composite micromechanics theory and have
been used to predict material properties for a unidirectional fiber-reinforced lamina, based
on the corresponding properties of the constituent materials.

These equations have been modified to predict the mechanical property of su'ength
for one constituent material due to "n" diverse effects or primitive variables. These effects
could include both time-independent and time-integrated primitive variables, such as
mechanical stresses subjected to both static and impact loads, thermal stresses due to
temperature variations and thermal shuck, and other effects such as chemical reaction or
radiation attack. They might also include other time-dependent primitive variables such as
creep, mechanical fatigue, thermal aging, thermal fatigue, or even effects such as seasonal
attack (see Appendix A, Primitive Variables, Symbols, and Units). For most of these
primitive variables, strength has been observed to decrease with an increase in the variable.

The postulated constitutive equation accounts for the degradation of strength due to
these primitive variables. The general form of the equation is

_[ _'_'S_=i AiF "Ai°

is.
I

(1)

where Ai, AiF and Aio are the current, ultimate and reference values of a particular effect,

ai is the value of an empirical constant for the i th effect or primitive variable, n is the

number of product terms of primitive variables in the model, and S and SO are the current

and reference values of material strength. Each term has the property that if the current
value equals the ultimate value, the current strength will be zero. Also, if the current value
equals the reference value, the term equals one and strength is not affected by that variable.

This deterministic constitutive model may be calibrated by an appropriately curve-fitted
least squares multiple linear regression of experimental data [7], perhaps supplemented by
expert opinion. Ideally, experimental data giving the relationship between effects and
strength is obtained. For example, data for just one effect could be plotted on log-log
paper. A good fit for the data is then obtained by a linear regression analysis. This is
illustrated schematically in Figure 1. The postulated constitutive equation, for a single

r ")
effect, is then obtained by noting the linear relation between logS and log[AF"_.],

I IAF - A
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as follows:

so
r ,I

log S - log S0 ,, - a log/'_---_'- I
I. ,,Jl

: •
• (2)

Note that the above equation (2) is for a primitive variable that lowers strength. If a
variable raises strength, the exponent is negative.

This general constitutive model may be used to estimate the strength of an aerospace
propulsion system component under the influence of a number of diverse effects or
primitive variables. The probabilistic treatment of this equation includes randomizing the
deterministic multifactor interaction constitutive equation, performing probabilistic analysis
by simulation and generating probability density function (p.d.f.) estimates for strength
using a non-parametric method, maximum penalized likelihood [8,9]. Integration yields
the cumulative distribution function (c.d.f.) from which probability statements regarding
strength may be made. This probabilistic constitutive model predicts the random strength
of an aerospace propulsion component due to a number of diverse random effects.

This probabilistic constitutive model is embodied in two FORTRAN programs,
PROMISC (Probabilistic ]_laterial Suength.Calibrator) and PROMISS (Ei_babilistic
Material Strength Simulator); see Final Technical Report, APPENDIX 1. PROMISS
calculates the random strength of an aerospace propulsion component due to as many as
eighteen diverse random effects. Results axe presented in the form of probability density
functions and cumulative distribution functions of normalized strength, S/So. PROMISC
calculates the values of the empirical material constants, ai.

PROMISS (see Final Technical Report, APPENDIX 1) includes a relatively simple
"fixed" model as well as a "flexible" model. The fixed model postulates a probabilistic

constitutive equation that considers the primitive variables given in Table 1. The general
form of this constitutive equation is given in equation (1), wherein there are now n = 7

product terms, one for each effect or primitive variable listed above. Note that since this
model has seven primitive variables, each containing four values of the variable, it has a
total of twenty-eight variables. The flexible model postulates a probabilistic constitutive
equation that considers up to as many as n = 18 product terms for primitive variables.

These variables may be selected to utilize the theory and experimental data currently
available for the specific strength degradation mechanisms of interest. The specific effects
included in the flexible model are listed in Table 2. Note that in order to provide for future
expansion and customization of the flexible model, six "other" effects have been provided.
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Table 1 Primitivevariablesavailableinthefixedmodel

i th Primitive Primitive

Variable Variable Type

1 Stressdue tostaticload

2 Tempea'amm
3 Chemical reaction

4 Stress due to impact
5 Mechanical fatigue
6 Thermal fatigue
7 ov.cp

Table 2 Primitivevariablesavailableintheflexiblemodel

A. EnvironmentalEffects

l° Mechanical

a. Su'css

b. Impact
c. Other Mechanical Effect

, Thermal

a. Temperature Variation
b. Thermal Shock
c. Other Thermal Effect

. Other Environmental Effects
a. Chemical Reaction
b. Radiation Attack
c. Other Environmental Effect

B. Time-Dependent Effects

1 Mechanical

a. Creep
b. Mechanical Fatigue
c. Other Mech. Time-Dep. Effect

. Thermal

a. Thermal Aging
b. Thermal Fatigue
c. Other Thermal Th'ne-Dep. Effect

, Other Time-Dependent Effects
a. Corrosion
b. Seasonal Attack

c. Other Time-Dep. Effect
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The considerablescatterofexperimentaldataand thelackof an exactdescriptionof

the underlyingphysicalprocessesforthecombined mechanisms offatigue,creep,

temperature variations and so on, make it natural, ff not necessary to consider probabilistic
models for a strength degradation model. Therefore, the fixed and flexible models
correspondingtoequation(I)are "randomized",and yieldthe "random normalizedmaterial

strengthdue to anumber ofdiverserandom effectsorprimitivevariables."Note thatfor
thefixedmodel, equation(I)has thefollowingform:

S/So = f(AIF, AI, A10, A2F, A2, A20,..., A7F, A7, ATO) (3)

where Ai, AiF and Aio are the ultimate, current and reference values of the ith of seven

effects or primitive variables as given in Table 1. In general, this expression can be written
as,

S/So = f(Xi),i = I,...,28, (4)

where the Xi arc the twenty eight independent variables in equation (3). Thus the fixed
model is "randomized" by assuming all the independent variables, Xi, i - 1.... ,28, to be
random and stochastically independent. For the flexible model, equation (1) has a form
analogous to equations (3) and (4), except that there are as many as seventy-two
independentvariables.Applying probabilisticanalysisto eitherof theserandomized
equations yields the distribution of the dependent random variable, normalized material
strength, S/So.

Although a number of methods of probabili_ticanalysisareavailable,[8]simulation
was chosen forPROMISS. Simulationutilizesa theoreticalsample generatedby numerical

techniquesforeach oftheindependentrandom variables.One valuefrom each sample is

substitutedintothefunctionalrelationship,equation(3),and one realizationofnormalized
strength,S/So, iscalculated.This calculationisrepeatedforeach valuein thesetof

samples,yieldinga distributionof differentvaluesfornormalizedstrength.

A probabilitydistributionfunctionisgeneratedfrom thesedifferentvaluesof
normalizedstrengthusinga non-parametricmethod, maximum penalizedlikelihood.

Maximum penalizedlikelihoodgeneratesthep.d.f,estimateusingthemethod ofmaximum
likelihoodtogetherwith apenaltyfunctiontosmooth it[9].Finally,integrationof the

generatedp.d.f,resultsinthecumulativedistributionfunction,from which probabilitiesof

normalizedstrengthcan be directlyobserved.

PROMISS includescomputationalalgorithmsforboththefixedand the flexible

probabilisticconstitutivemodels. As describedabove,PROMISS randomizes the

followingequation:

it.

i7oV_-IL ' (5)
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where

&

A_Ai ] '

isthein effect,AiF,Aio and AO arerandom variables,aiistheithempiricalmaterial

constantand S/SO isnormalizedstrength.There area maximum of eighteenpossible

effectsor primitivevariablesthatmay Ix:includedinthemodel For theflexiblemodel

option,theymay be chosen by theuserfrom thoseinTable 2. For thefixedmodel option,

theprimitivevariablesofTable Iarcchosen. Within each primitivevariableterm the

current,ultimateand referencevaluesand theempin'calmaterialconstantmay be modeled
as eitherdeterministic(empirical,calculatedby PROMISC), normal,lognormal,orWiebull

random variables.Simulationisused togeneratea setof realizationsfornormalized
random strength,S/So,fi'oma setofrealizationsforprimitivevariablesand empirical

materialconstants.Maximum penalizedlikelihoodisused togencra_ an estimateforthe

p.d.f,of normalizedsu'ength,from a setof realizationsof normalized strength.Integration

of thep.d.f,yieldsthe.c.d.f.Plotfilesareproduced toplotboth thep.d.f,and thec.d.f.
PROMISS alsoprovidesinformationon S/SO statistics(mean,variance,standarddeviation

and coefficientofvariation).A residentdatabase,fordatabaseratherthanuserinputof

empiricalmaterialconstants,isalsoprovided.

PROMISC performs amultiplelinearregressionon experimentaldataforasmany

aseighteeneffectsorprimitivevariables,yieldingregressioncoefficientsthatarc the
empiricalmaterialconstants,ai,requiredby PROMISS.

Itproduces themultiplelinearregressionof thelog transformationofequation(3),the

PROMISS equation.When transformeditbecomes

Is i AiF. Alllog _ = _ ailog
So i=i [.An_- AioJ

(6)

Or

logS = logSo÷_ _ log , (7)
i=l IA_ -AioJ

where

L

istheitheffect,Ai,AiF and Aio areprimitivevariabledataand aiistheithempirical

materialconstant,or thcithregressioncocfficicnttobe predictedby PROMISC. Also,

log SO isthelog transformedreferencevalueof strength,or theintcrccptregression

m
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coefficient to be predic_l by PROMISC, and log S is the log transformed strength.
Experimental data for up to eighteen possible effects, as given in Table 2, may be included.
The primitive variable data may be either actual ex_ntal data or expert opinion, directly
read from input, or simulated data where expert opinion is specified as the mean and
standard deviation of a normal or lognormal distribution. The simulated data option for
input data was used in the early stages of code development to verify correct performance.
The input data, whether actual or simulated, is read in and assembled into a data matrix.

From this data matrix, a corrected sums of squares and crossproducts matrix is computed.
From this sums of squares and crossproducts matrix, and a least squares methodology, a
multiple linear regression is performed to calculate estimates for the empirical material
constant, ai, and the reference strength, SO. These are the regression coefficients.

PROMISC includes enhancements of the multiple linear regression analysis to
screen data from "oufliers" and collinearities, determine "how well" the data fit the

regression, quantify the importance and relative importance of each factor in the postulated
constitutive equation, eq. (I), as well as check assumptions inherent in the use of multiple
linear regression. Further details are provided in the Final Technical Report, Section 6.0,
NASA Grant No. NAG 3-867, Supp. 2, "Probabili._tic Lifetime Strength of Aerospace
Materials via Computational Simulation."
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3.0 SAMPLE PROBLEMS AND INPUT DATA

Data input for PROMISC is user fi'iendly and easy to enter. Actual experimental
data can be input by the user or the user can select simulated experimental data. Two
examples folow (see also Section 6.0, Appendix B).

3.1 PROMISC Input For Fixed Model With Actual Experimental Data (40 Data Points)

The 1st line of input (format 2E12.4, see item 1 below) determines the random

number generator seed* and the data sample size. The 2nd line (format I3) determines
either a fixed or a flexible model. The 3rd line (format I3) chooses the dependent variable
as strength. The 4th line (format I3,2X,I3,2X,I3) determines the source of the data (actual
experimental,normal or lognormalsimulateddata).The 5th through the28thlines(format
5D12.4) specifythedatafortheprimitivevariables.This sequence of twenty-fivelines

repeatsfortheotherprimitivevariables.Lastly,the 179th throughthe 187th linesspecify

thedataforthestrengthvariable.A tablelistingtheprimitivevariables,theirunitsand

symbols isgiveninSection5.0,Appendix A. IMSL parametersareenteredas indicatedin
items 12 and 13.

I. Line 1 selectstheRandom Number C-cneratorSeed (ISEED) and Sample Size(NTOT)

EXAMPLE:

12345678901234567890"*

1 40

2. Line 2 selectseitherFixed orFlexibleModel (MODEL = 0 isflexible,MODEL = Iis

fixed).

EXAMPLE:

12345678901234567890

3. Line 3 selects strength as the dependent variable (DEPV = I is strength dependent
variable, DEPV = 0 is not strength dependent variable).

EXAMPLE:

12345678901234567890

i .

*Ifactualexperimentaldataareused(AFDS = 0;ADS = if,AODS = 0)therandomnumbergcnexatorseed,

ISEED, isreadinbutnot usedintheprogram.
** NOTE: theruleristoaidtheuserinformattingand isnota partoftheinput.
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4a. Line 4 specifies the source of the data for the three variables within the Quasi-static
Stress Effect by using flags. The flag names are AFDS, ADS and AODS. Setting a flag to
0 indicates actual experimental data is directly read from input. Setting a flag to I indicates
simulated experimental data, normally distributed, is generated by the program via a
random number generator. Setting a flag to 2 indic, a_ simulated experimental data,
IognormaUy distributed, is generated by the program via a random number generator.
Setting a flag to 3 indicates data not available.

EXAMPLE:

12345678901234567890

0 0 0

4b. Lines 5 to 28 contain the actual experimental data for the three variables within the
Quasi-static Stress Effect. The Quasi-static Stress Effect variable names have FORTRAN
names given in Section5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890123456789012345678901234567890

0.1179D+03 0.1344D+03 0.1273D+03 0.1260D+03 0.1403D+03

0.1292D+03 0.1295D+03 0.1241D+03 0.1265D+03 0.1229D+03

0.1321D+03 0.1387D+03 0.1370D+03 031264D+03 0.1323D+03
0.1278D+03 0.1269D+03 ........... e_.

(All of the values for this and other effects are too numerous to include in this description.
See Section 6.0 APPENDIX B.)

5. Lines 29 to 53 input data for the Impact Effect in the same manner as was described for
the Quasi-static Stress Effect. The Impact Effect variable names have FORTRAN names

given in Section 5.0, APPENDIX A.

EXAMPLE:

12345678901234567890

0 0 0
0.9870D+00 0.9966D+00 0.1002D+01 0.9997D+00

0.9977D+00 0.9950D+00 0.1001D+01 0.1001D+01
0.9991D+00 0.1000D+01 0.1003D+01 0.9945D+00

0.1000D+00 0.1001D+01 ............ e_.

0.1000D+01

0.1005D+01

0.9952D+00
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6. Lines 54 to78 inputdatafortheTemperature Effectinthesame manner aswas

describedfortheQuasi-staticStressEffect.The TemperatureEffectvariablenames have

FORTRAN names givenin Section5.0,APPENDIX A.

EXAMPLE:

123456789012345678901234567890123456789012345678901234567890

0 0 0

0.2378D+04 0.2640D+04 0.2_89D+04 0.2723D+04 0.2739D+04

0.2668D+04 0.2598D+04 0.2770D+04 0.2770D+04 0.2856D+04

0.2708D+04 0.2739D+04 0.2811D+04 0.2583D+04 0.2600D+04

0.2738D+04 0.2768D+04 .......... etc.

7. Lines79 to 103 inputdam fortheChemical Effectinthesarncmanner as was described
fortheQuasi-staticStressEffect.The Chemical Effectvariablenames have FORTRAN

names givenin Section5.0,APPENDIX A.

EXAMPLE:

123456789O123456789O123456789O123456789O123456789o12_455789Q

0 0 0

0.9870D+00 0.9966D+00 0.1002D+00 0.9997D+00 0.1000D+01

0.9977D+00 0.9950D+00 0.1001D+01 0.1001D+01 0.1005D+01

0.9991D+00 0.1000D+01 0.1003D+01 0.9945D+00 0.9952D+00

0.1000D+01 0.1001D+01 ........... etc.

8. Lines 104 to 128 input data for the Creep Effect in the same manner as was desen'bed for
the Quasi-static Stress Effect. The Creep Effect variable names have FORTRAN names
given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890123456789012345678901234567890

0 0 0

0.9072D+04 0.1034D+05 0.9792D+04 0.9696D+04 0.I080D+05

0.9936D+04 0.9959D+04 0.9544D+04 0.9733D+04 0.9450D+04

0.1016D+05 0.I067D+05 0.I054D+05 0.9723D+04 0.1018D+05

0.9827D+04 0.9758D+04 ......... etc.
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9. Lines 129 to 153 inputdatafortheImpact Effectinthesame manner as was described

for the Quasi-static Stress Effect. The Impact Effect variable names have FORTRAN
names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890123456789012345678901234567890

0 0 0

0.5749D+01 0.7465D+01 0.6696D+01 0.6565D+01 0.8136D+01

0.6894D+01 0.6926D+01 0.6362D+01 0.6615D+01 0.6237D+01

0.7214D+01 0.7947D+01 0.7752D+01 0.6602D+01 0.7235D+01

0.6744D+01 0.6649D+01 ......... c_.

10. Lines 154 to 178 input dam for the Thermal Fatigue Effect in the same manner as was
described for the Quasi-static Stress Effect. The Thermal Fatigue Effect variable names
have FORTRAN names given in Section 5.0,APPENDIX A.

EXAMPLE:

12345G789012345678901234567890123456789012345678901234567890

0 0 0

0.2464D+01 0.3199D+01 0.2870D+01 0.2813D+01 0.3487D+01

0.2954D+01 0.2968D+01 0.2727D+01 0.2835D+01 0.2673D+01

0.3092D+01 0.3406D+01 0.3322D+01 0.2830D+01 0.3101D+01

0.2890D+01 0.2850D+01 ......... c_.

1 la. Line 179 specifies the source of the strength data by using flags. The flag names are
AFDS, ADS and AODS. Settinga flagto0 indicatesactualexperimentaldataisdirectly

readfrom input.Settinga flagto Iindicatessimulatedexperimcntaldata,normally
distributed,isgeneratedby theprogram via arandom number generator.Settinga flagto2

indicatessimulatedexperimentaldata,lognormallydistributed,isgeneratedby theprogram

viaa random number generator.Settinga flagto3 indicatesdatanot available.

EXAMPLE:

2.22.15..6.7.._

0

1 lb. Lines 180 to 187 contain the actual experimental data for strength. The FORTRAN
name for strength is SIR.

EXAMPLE:

123456789012345678901234567890123456789012345678901234567890

0.II17D+02 0.0855D+02 0.0735D+02 0.0786D+02 0.0774D+02

0.0831D+02 0.0895D+02 0.0749D+02 0.0749D+02 0.0687D+02

0.0798D+02 0.0776D+02 0.0719D+02 0.0906D+02 0.0891D+02

0.0774D+02 0.0751D+02 ......... etc.
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12. The CORVC [1] parameters are IDO, LDX, IFRQ, IWT, MOPT, ICOPT, LDCOV,
and LDINCD and are entered in that order as follows (line 188):

EXAMPLE:

1234567890123456789012345678901234567890

0 240 0 0 0 1 19 19

13. The RCOV [1] parameters are INTCEP, NOND, NDEP, LDCOV, LDB, LSR, and
LDSCPE and are entered in that order as follows (line 189):

EXAMPLE:

1234567890123456789012345678901234567890

1 7 1 19 19 19 1

3.1.1 Discussion of Results

Execution of PROMISC (source code entitled PROMISC5.FOR) produces an

output file that gives computed values for the empirical material constants, ai. Output also
includes statistics and diagnostics that enhance the PROMISC multiple linear regression
analysis (see Section 2.0, Theoretical Background and/or Final Technical Report, Section 6
Increased Capability of PROMISC, NASA Grant No. NAG 3-867, Supp. 2, "Probabilistic
Lifetime Strength of Aerospace Materials via Computational Simulation").

Execution of the PROMISC code for the example problem whose input is specified

in Section 3.1 produces an output file that includes regression or least squares estimates of
the exponents (empirical material constants, ai) in the multifactor interacuon equation under

the heading BBBB. For example, the constant coefficient (y-intercept, log So) is predicted
to be 0.6717, the exponent for quasi-static stress to be 0.6449, the exponent for impact to
be 0.0000, and so on.

To determine "how well" the dam fit the regression equation consider the next

subheading in the output file, where R-squared is given. R-squared and the Adjusted R-
squared columns give the percentage of the variation in the data which can be explained by
the multiple linear regression equauon. In this example the multiple linear regression
equation explains about 99.7% of the variation. An R-squared value of 100% indicates an
exact fit, whereas an R-squared value of 0 % indicates no correlation between the
independent variable (strength) and any of the regression variables (effects or primitive
variables). This is a first assessment of the adequacy of the model.

In the next heading under ANOVA Table, an alternative statistical measure of "how
well" the data fit the "complete" multiple linear regression equation is given. This statistical
measure is given in the last column headed by "Prob. of Larger F". This term, known as a
p-value, gives the probability that the relationship was due to chance alone and not to the
multiple linear regression equation. In this case the probability is virtually zero, which
corroborates the observations from the R-squared columns. P-values near zero indicate
that the multifactor interaction equation is significant. Thus, we conclude that the multiple

linear regression equation is quite effective in predicting strength.
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Amongthe seven regression variables (effects or primitive variables) it is desirable
to assess the relative importance of each. From the section headed by BBBB or the one
headed by "Inference on Coefficients", the estimates of the exponents in the multifactor
interaction equation can be viewed. Since the exponent for impact is virtually zero it can be
reasonably assumed that this factor does little to predict the suength. However, it is not
wise to be mislead by the mere size of the coefficients. The statistical terms which one
should focus on are the "F-statistic" column and the "Prob. of Larger F' column in the
section headed by Sequential Statistics. For the first variable, quasi-static stress, the p-
value gives the probability that the factor is not significant in the prediction equation. The
exponent for quasi-static stress is 0.6449 and the associated p-valne is 0.0660, which
indicates quasi-static su'ess is significant. In most statistical circles, p-values near 0.05 or
less are considered significant. Moreover, the sixth effect, mechanical fatigue, has a
coefficient (exponent of-0.1248) but its p-value is virtuatly zero. This result indicates that
mechanical fatigue (because of its smaller pvalue), has greater predictive capability than the
quasi-static stress effect. However, both should be considered significant. The remaining
factors are completely insignificant.

In outlier detection, use the "Case Analysis" section and the factor, "Cook's D".
Cook's D is given first in the second line of each of the forty cases. For example, for
observation 1 Cook's D is 37.7568. The larger the value of Cook's D, the farther the
observation is away from the center of the data. We consequently note that observation 14,
with a Cook's D of 20.04.49, has the smallest value, and observation 34, with Cook's D of
50.3682, has the largest value. However even the largest value is well within acceptable
ranges indicating that there are no oudiers in the data.

The residual column and the standardized residual column can be used to test the

hypothesis that errors are normally distributed. In addition, the remaining columns can be
used for many statistical purposes in verifying the assumptions in multiple linear
regression.

92



3.2 PROMISC Input For Fixed Model With Actual Experimental Data (240 Data Points)

The 1st line of input (format 2E12.4, see item 1 below) determines the random

number generator seed* and the data sample size. The 2rid line (format 13) determines
eithera fixedor a flexiblemodel. The 3rd line(formatI3)chooses thedependent variable

as strength. The 4th line (format I3,2X,I3,2X,B) demrmines the source of the data (actual
experimental, normal or lognormal simulated dam). The 5th through the 148th lines
(format 51312.4) specify the data for the primitive variables. This sequence of one hundred
forty-five lines repeats for the other primitive variables. Lastly, the 1019th through the
1067th lines specify the data for the strength variable. A table listing the primitive
variables,theirunitsand symbols isgiveninSection5.0,Appendix A. IMSL parameters
are entered as indicated in items 12 and 13.

I. Line I selectstheRandom Number GeneratorSeed (ISh'_'))and Sample Size (NTOT).

EXAMPLE:

12345678901234567890"

1 240

2. Line 2 selectseitherFixed orFlexibleModel (MODEL = 0 isflexible,MODEL = Iis

fixed).

EXAMPLE:

12345678901234567890

3. Line 3 selects strength as the dependent variable (DEPV = 1 is strength dependent
variable, DEPV = 0 is not strength dependent variable).

EXAMPLE:

12345678901234567890

* Ifactualexperimentaldataareused(AFDS = 0;ADS = 0;,AODS = 0)therandom number generatorseed,

ISEED. isreadinbutnot usedintheprogram.

** NOTE: the ruler is to aid the user in formatting and is not a part of the input.
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4a. Line 4 specifies the source of the data for the three variables within the Quasi-static
Stress Effect by using flags. The flag names are AFDS, ADS and AODS. Setting a flag to
0 indicates actual experimental dam is directly read from input. Setting a flag to 1 indicazcs
simulated experimental data, normally distributed, is generated by the program via a
random number generous. Scrag a flag to 2 indicates simulated experimental data,
lognormally distributed, is generated by the program via a random number gencralor.
Scuing a flag to 3 indicates dam not available.

EXAMPLE:

12345678901234567890

0 0 0

4b. Lines 5 to 1,$8 contain the actual experimental data for the three variables within the
Quasi-static Stress Effect. The Quasi-static Stress Effect variable names have FORTRAN
names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890123456789012345678901234567890

0.1179D+03 0.1344D+03 0.1273D+03 0.1260D+03 0.1403D+03

0.1292D+03 0.1295D+03 0.1241D+03 0.1265D+03 0.1229D+03

0.1321D+03 0.1387D+03 0.1370D+03 031264D+03 0.1323D+03

0.1278D+03 0.1269D+03 ........... e_.

(All of the values for this and other effects arc too numerous to include in this description.
See Section 6.0 APPENDIX B.)

5. Lines 149 to 293 input data for the Impact Effect in the same manner as was described
for the Quasi-static Stress Effect. The Impact Effect variable names have FORTRAN
names given in Section 5.0, APPENDIX A.

EXAMPLE:

12345678901234567890

0 0 0

0.9870D+00 0.9966D+00 0.1002D+01 0.9997D+00

0.9977D+00 0.9950D+00 0.I001D+01 0.1001D+01

0.9991D+00 0.1000D+01 0.1003D+01 0.9945D+00

0.1000D+00 0.1001D+01 ............ e_.

0.1000D+01

0.1005D+01
0.9952D+00
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6. Lines 294 to 438 input data for the Temperature Effect in thc same manner as was
described for the Quasi-static Stress Effect. The TcmperanLre Effect variable names have
FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789o123456789o123456789o123456789o123456789o123456789Q

0 0 0

0.2378D+04 0.2640D+04 0.2789D+04 0.2723D+04 0.2739D+04

0.2668D+04 0.2598D+04 0.2770D+04 0.2770D+04 0.2856D+04

0.2708D+04 0.2739D+04 0.2811D+04 0.2583D+04 0.2600D+04

0.2738D+04 0.2768D+04 .......... c_.

7. Lines 439 to 583 input data for the Chemical Effect in the same manner as was
described for the Quasi-static Stress Effect. The Chemical Effect variable names have
FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890123456789012345678901234567890

0 0 0

0.9870D+00 0.9966D+00 0.1002D+00 0.9997D+00 0.1000D+01

0.9977D+00 0.9950D+00 0.1001D+01 0.1001D+01 0.I005D+01

0.9991D+00 0.1000D+01 0.1003D+01 0.9945D+00 0.9952D+00

0.1000D+01 0.1001D+01 ........... etC.

8. Lines 584 to 728 input data for the Creep Effect in the same manner as was described for
the Quasi-static Stress Effect. The Creep Effect variable nan, s have FORTRAN names
given in Section 5.0, APPENDIX A.

EXAMPLE:

1234567890123456789_1234567890123456789012345678902234567890

0 0 0

0.9072D+04 0.I034D+05 0.9792D+04 0.9696D+04 0.I080D+05

0.9936D+04 0.9959D+04 0.9544D+04 0.9733D+04 0.9450D+04

0.1016D+05 0.1067D+05 0.I054D+05 0.9723D+04 0.1018D+05

0.9827D+04 0.9758D+04 ......... c_.
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9. Lines 729 to 873 input dam for the Impact Effect in the same manner as was described
for the Quasi-static Stress Effect. The Impact Effect variable nan, s have FORTRAN
names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789O123456789o123456789o123456789o123456789o123456789Q

0 0 0

0.5749D+01 0.7465D+01 0.6696D+01 0.6565D+01 0.8136D+01

0.6894D+01 0.6926D+01 0.6362D+01 0.6615D+01 0.6237D+01

0.7214D+01 0.7947D+01 0.7752D+01 0.6602D+01 0.7235D+01

0.6744D+01 0.6649D+01 ......... e_.

10. Lines 874 to 1018 input data for the Thermal Fatigue Effect in the same manner as was
described for the Quasi-static Stress Effect. The Thermal Fatigue Effect variable names
have FORTRAN names given in Section 5.0, APPENDIX A.

EXAMPLE:

123456789012345678901234567890123456789012345678901234567890

0 0 0

0.2464D+01 0.3199D+01 0.2870D+01 0.2813D+01 0.3487D+01

0.2954D+01 0.2968D+01 0.2727D+01 0.2835D+01 0.2673D+01

0.3092D+01 0.3406D+01 0.3322D+01 0.2830D+01 0.3101D+01

0.2890D+01 0.2850D+01 ......... etc.

1 la. Line 1019 specifies the source of the strength data by using flags. The flag names are
AFDS, ADS and AODS. Setting a flag to 0 indicates actual experimental data is directly
read from input. Setting a flag to 1 indicates simulated experimental data, normally
distributed, is generated by the program via a random number generator. Setting a flag to 2
indicates simulated experimental data, loguormally distributed, is generated by the program
via a random number generator. Setting a flag to 3 indicates dam not available.

EXAMPLE:

0

11b. Lines 1020 to 1067 contain the actual experimental datafor strength. The
FORTRAN name for strength is STR.

EXAMPLE:

123456789012345678901234567890123456789012345678901234567890

0.II12D+02 0.8518D+01 0.7325D+01 0.7826D+01 0.7708D+01

0.8277D+01 0.8921D+01 0.7464D+01 0.7464D+01 0.6842D+01

0.7954D+01 0.7729D+01 0.7166D+01 0.9028D+01 0.8875D+01

0.7711D+01 0.7478D+01 ......... e_.

96



12. The CORVC [1] parameters are IDO, LDX, IFRQ, 1WT, MOPT, ICOPT, LDCOV,
and LDINCD and are entered in that order as follows (line 1068):

EXAMPLE:

1234567890123456789012345678901234567890

0 240 0 0 0 1 19 19

13. The RCOV [1] parameters are INTCEP, NOND, NDEP, LDCOV, LDB, LSIL and
LDSCPE and are entered in that order as follows (line 1069):

EXAMPLE:

123q567890123456789012345678901234567890

1 7 1 19 19 19 1

3.2.1 Discussion of Results

Execution of PROMISC (source code entitled PROM/SC5.FOR) produces an
output file that gives computed values for the empirical material constants, ai. Output also
includes statistics and diagnostics that enhance the PROMISC multiple linear regression
analysis (see Section 2.0, Theoretical Background and/or Final Technical Report, Section 6
Increased Capability of PROMISC, NASA Grant No. NAG 3-867, Supp. 2, "Probabilistic
Lifetime Strength of Aerospace Materials via Computational Simulation").

Execution of the PROMISC code for the example problem whose input is specified
in Section 3.2 produces an output file that includes regression or least squares estimates of
the exponents (empirical material constants, ai) in the multifactor interaction equation under

the heading BBBB. For example, the least squares estimate of the constant term (y-
intercept, log So) is predicted to be 4.99, quasi-static stress to be 0.14, mechanical fatigue
to be -0.05, and so on.

To see "how well" the data fit the regression equation, consider the subheading
which contains R-squared. From the R-squared coefficients, it can be observed that about
99.99% of the variation in the data can be explained by the regression equation. Recall that
100% is the value when the model is exact. Under the next subheading, the ANOVA Table
helps to quantify the model adequacy in terms of probability. Under the source
"regression" it is observed that the p-value is virtually zero. The asterisks in the
"Overall F" column indicate the F-statistic exceeded 99,999.99 and therefore could not be

displayed in the space allocated.

Among the seven factors (effects or primitive variables) in the multifactor
interaction equation, we can associate relative importance with the size of the p-values in
the "Sequential Statistics" Table. The smaller the p-value (i.e., "Prob. of Larger F") then
the more significance associated with the factor. Notice that factors 1, 2 and 5 are
significant with p-values below the 0.05 level. However factors 3, 4, 6 and 7 are
insignificant. Therefore, it may be beneficial to reanalyze the data by deleting factors 3, 4,
6 and 7.
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To look for outlying observations, the "Case Analysis" Table is used. The column
headed by "Cook's D" is used for the detection of aberrant observations. The output is
complicated in this case by the number of observations present in the dam set. As
explained in Section 3.1.1, the larger values of "Cook's D" indic, ate observations which are
further away from the center of the dam. However, when 240 observations are present the
process of scanning the values of Cook's D is more tedious. Observation 85 is the one
with the largest Cook's D of 0.0592 and standardized residual of 2.6871, both of which
are within acceptable limits.

The residuals and smrldardizedresiduals can bc used to test the assumptions of
normality for the errors.
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3.3 General PROMISC Program Notes

I*

2.

3.

4.

[_E: A ] not included in the model is set to zero.Any effect data, F-Ao '

Fatigue cycles should be input as log cycles rather than as cycles. Reasons are the
same as for PROMISS.

Strength response, S, should be input as strength in MPa or ksi. PROMISC
will internally calculate log S.

The stress data effect in PROMISC has not been customized for negative
lognormal values as it has been for PROMISS.
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5.0 APPENDIX A

PRIMHTVE VARIABLES, SYMBOLS, AND UNITS

Table A1.2 Primitive variables, symbols, and units for PROMISS

Primitive Variables

(Effect)

OUASI-STATIC
STRESS EFFECT

Ultimate value SSF

Current value _S

Reference value (_SO

IMPACT EFFECT

Ultimate value SDF

Current value UD

Reference value o'oo

QTHER
MESCAL
EFFECTS

Ultimate value A3F
Current value A3

Reference value A30

TEMPERATURE

Ultimate value TF
Current value T

Reference value TO

THERMAL
SHOCK

Ultimate value ASF

Current value A5
Reference value ASO

Theory FORTRAN Units

S]rmbol Name SI U.S.

AF MPa ksi

A MPa ksi

At3 MPa ksi

AF2

A2

AO2

AF3

A3
AO3

AF4

A4

AO4

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless
Dimensionless

0(2

oC

oC

Dimensionless

•Dimensionless
Dimensionless

AF5

A5
AO5

OF

oF

OF
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PrimitiveVariables

(Effect)

o_

Ultimate value

Cunent value
Reference value

Ultimate value
Current value

Reference value

RADIATION

Ultimate value

Current value
Reference value

OTHER EFFECTS

Ultimate value

Current value
Reference value

CREEP

Ultimate value
Current value

Reference value

FATIGUE

U1Kmate value
Current value
Reference value

Theory

S_bol

A_
A6
Ar,O

RF

R

Ro

A_

ASO

A9F

A9
A90

tCF

tC

tco

NMF
NM
NMO

FORTRAN
Name

AF6

A6
AO6

AF7

A7

AO7

AF8

A8
AO8

F9 "

A9
AO9

AFI0

AI0
AOI0

AFII
All
AOII

Units

SI

Dingnsionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Hours

Hours

Hours

logofcycles
logofcycles

logof cycles

U.S.

Hours

Hours

Hours
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PrimitiveVariables
(Effect)
I

Id/,.Ctia/SI.C,AL
EFFECT

Ultimate value

Current value
Reference value

THERMAL AQING

Ultimate value

Current value
Reference value

THERMAL
FATIGUE

Ultimate value
Current value

Reference value

OTHER TrME-
DEPENDENT
THERMAL

EFFECTS

Ultimate value

Current value

Reference value

CORROSION

Ultimate value

Current value
Reference value

ATTACK

Ultimate value
Current value

Reference value

Theory

S bot

AI2F

AI2

AI20

AI3F

A13

A13o

NTF

NT

NTO

AI5F

A15

A15o

A16F

A16

A160

A17F
A17

A170

FORTRAN
Name

AF12

A12
AO12

AF13

A13
AO13

AF14
A14

AOI4

AF15

A15
AOI5

AF16
A16

AO16

AF17

A17

AO17

Units
SI

Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless
Dimensionless

log ofcycles

logof cycles

log ofcycles

Dimensionless

Dimensionless
Dimensionless

Dimensionless

Dimensionless

Dimensionless

Dimensionless
Dimensionless
Dimensionless

U,S.
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Primitive Variables

(Effe,ct)

Ultimate value

Current value
Reference value

Theory

S_,mbol

AI8F

A18

AlSO

FORTRAN
Name

AFI8
A18

AO18

Units
SI

Dimensionless

Dimensionless

Dimensionless

U.S.
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6.0 APPENDIX B

PROMISC SAMPLE PROBLEM: INPUT AND OUTPUT FILES

Sample problems are discussed in sections 3.1 and 3.2. One sample problem
corresponds to each section. The input and output file names for each sample problem are
listed below. The enclosed disk also includes the same files.

3.1 PROMISC Input For Fixed Model With Actual Experimental Data (40 Data Points)

Input File(s): 31PRC4.INP
Output File: 31PRC4.OUT

3.2 PROMISC Input For Fixed Model With Actual Experimental Data (240 Data Points)

Input File(s): 32PRC5.INP
Output File: 32PRC5.OUT
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1. RNSET

2. RNNOR

3. RNLNL

7.0 APPENDIX C

IMSL SUBROITIINE CALLS FROM PROMISC

4. CORVC

5. RCOV

6. RSTAT

7. RCASE

8. Other IMSL Subroutines

Initializes a random seed for use in the IMSL

random number generators.

Generates pseudorandom numbers from a standard
normal distribution using an inverse CDF
method.

Generates pseudorandom numbers from a
lognormal distribution.

Generates sums of squares and ¢rossproducts.

Performs the multiple linear regression.

Computes statistics related to the regression.

Computes further statistics and diagnostics related to the regression.

- SSCAL, SADD, UMACH, WRRRN, and WRIRN.
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12.0APPENDIX 3: PROMISS SENSITIVITY STUDY PLOTS
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13.0 APPENDIX 4 : MATERIAL DATA PLOTS

13.1 Introduction

This appendix displays plots of material properties data collected from the open
literature for certain aerospace materials. Included are tensile (quasi-static slxess), fatigue
and creep plots for INCONEL 718, tensile and fatigue plots for other nickel-base
superalloys and creep data for metal roan'ix composites and reinforcement fibers.

13.2 Tensile, Fatigue and Creep Data Plots of INCONEL 718
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